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Abstract 
Arsenic contamination of drinking water is problematic across the globe, with a serious effect on 
human health. The WHO guideline of 10 µg L-1 maximum concentration for arsenic in drinking water 
is regularly exceeded in developing countries in South East Asia, and many other countries across the 
world including the USA and Japan. Aqueous arsenic is commonly found in two oxidation states, AsV 
(arsenate) or AsIII (arsenite). Arsenate exists in water as a tetrahedral oxyanion, analogous to 
phosphate. Recently there has been great interest in developing new materials than can remove 
arsenate from drinking water. Specifically, chelating resins loaded with transition metal cations have 
shown potential for use in arsenate remediation. 
This Thesis describes the synthesis of two series of metal complexes that were evaluated as arsenate 
receptors and subsequent development of one of these receptors into a novel arsenate adsorbent.   
Firstly, a range of bridging di-metallic complexes was synthesised.  The aqueous phase oxyanion 
binding properties of these receptors were investigated by indicator displacement assays, isothermal 
titration calorimetry and in the solid phase by X-ray crystallography. Metallo-receptors containing 
boronic acid binding sites were also synthesised and arsenate binding was studied by isothermal 
titration calorimetry, UV-vis spectroscopy and NMR spectroscopy. 
An arsenate sorbent was prepared by immobilising a phenolate di-zinc(II) complex onto a polystyrene 
resin. The novel material thus obtained was studied as an arsenate adsorbent in a range of batch 
adsorption experiments. The effects of solution pH and presence of competing ions on arsenate 
uptake were investigated and the Langmuir adsorption capacity was obtained. These results were 
compared with those of a commercially used arsenic adsorbent, Bayoxide E33. Finally the novel 
adsorbent was packed into a glass column and its ability to adsorb arsenate in flow through 
experiments was studied. 
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1. Introduction 
1.1 The Arsenic Problem  
Arsenic contamination in drinking water is a global problem, occurring in every inhabited continent on 
the planet. In developed countries treatment plants have been installed to allow water providers to 
comply with strict regulations regarding water quality and contamination. However, problematic 
waters which remain difficult to treat using these methods are widespread. 
In developing countries, the situation is more severe, with the issue of high levels of naturally occurring 
arsenic being exacerbated by socioeconomic problems and poor infrastructure. Bangladesh is almost 
certainly the worst hit nation, with over 30 million people drinking water with unsafe levels of arsenic. 
The problem is also severe in the West Bengal region of India1 with arsenic contamination in south 
east Asia being described as the “worst mass poisoning of a population in human history” by the World 
Health Organisation (WHO), and its impact on mortality has been compared to both the Chernobyl 
disaster and the Bhopal chemical accident.2  
 
Figure 1 - Documented occurrences of arsenic contamination, including both natural and anthropogenic sources (taken 
from Smedley and Kinniburgh).3 
Historically, arsenic contamination was overlooked in Bangladesh as it does not have any obvious 
negative effect on the quality of drinking water (it is odourless, colourless and tasteless). This led to 
huge numbers of people unknowingly drinking arsenic contaminated water from deep tubewells as it 
appeared to be preferable to the more obviously contaminated surface waters.4 
Aside from India and Bangladesh, recent research by Rodriguez-Lado et al. has indicated that 
approximately 20 million people in China could be currently exposed to arsenic in their drinking 
water.5 This research highlighted the urgent need for extensive testing for arsenic in water, and that 
an arsenic testing regime should be a matter of course for any drinking water supply. It is also clear 
 18 
 
that as more contamination is detected there will be a pressing need to remediate arsenic and provide 
clean drinking water. 
Of the developed nations, the USA has perhaps the most serious arsenic contamination problem with 
more than 3 million people estimated to be drinking water above the 10 µg L-1 limit.4 The situation is 
complicated by the difficulty of testing all water sources across such vast areas, as significant numbers 
of people get their drinking water from private wells.  
The UK also has areas where arsenic can be found in groundwater sources.6 While water supplied to 
homes by water companies has to comply with the legal limit for arsenic concentrations, studies have 
shown that many private waters sources in the UK may be contaminated with unsafe levels of arsenic. 
For example, recent investigations by the British Geological Survey (BGS) and Public Health England in 
Cornwall have uncovered high arsenic concentrations across this region.7 Given the challenge that 
arsenic contamination poses to some of the richest nations on Earth, it is no surprise that developing 
nations have found this extremely hard to tackle. 
1.1.1 Aqueous Chemistry of Arsenic 
In most natural waters, the prevalent forms of arsenic are arsenate and arsenite. Arsenate contains 
arsenic in the +5 oxidation state and is commonly found as a tetrahedral oxyanion (analogous to 
phosphate). Arsenite contains arsenic in the +3 oxidation state and is found as a trigonal planar neutral 
molecule (except at high pH). Arsenate dominates in oxygen rich waters, whereas arsenite is the 
prevalent form under anaerobic conditions, as shown in Figure 2. 
 
 
Figure 2 - Eh/pH diagram showing the distribution of arsenate and arsenite species (taken from Smedley and Kinniburgh 
2002).3 
Naturally occurring arsenic is either found adsorbed onto the surface of minerals such as iron oxides, 
or can be incorporated within mineral structures. Therefore it can be released into groundwater either 
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by desorption from the surface or during dissolution of minerals.8 While less important when 
discussing widespread environmental arsenic pollution, it should be noted that mining waste has been 
an anthropogenic source of contamination, with a particularly serious example in Thailand.3 Other 
anthropogenic sources of contamination have occurred in the past due to the historic use of arsenic 
in pesticides and herbicides as well as wood preservatives.8 
1.1.2 Arsenic Toxicity 
The toxicity of arsenic is well documented, with the element being used as a poison throughout human 
history. In general, drinking arsenic contaminated water causes chronic effects through long-term 
exposure to (relatively) low levels, but cases of acute poisoning have occurred in the worst affected 
areas.4 Mechanisms of arsenic toxicity are varied,9 however perhaps the key point when discussing 
exposure over a long period is the extremely carcinogenic nature of arsenic. This carcinogenicity could 
arise in a variety of ways; examples include genotoxicity and altered DNA methylation. Arsenic is 
implicated in cancers including lung and skin cancer,10 with a link to bladder cancer also suggested.4 
The most likely mechanism of toxicity for arsenate is the replacement of phosphate in biochemical 
pathways. Given the ubiquity of phosphate in biological systems, arsenate can therefore be hugely 
disruptive, for example arsenolysis is a process whereby arsenate disrupts the formation of ATP.9 
Arsenite is more toxic than arsenate and is known to interact strongly with thiols; it can thereby 
interfere with the function of key proteins and enzymes.  
Other than cancer, arsenic causes a number of diseases including gastro-intestinal disorders, renal 
disease and neurological disorder. Arsenical keratosis is an unpleasant skin condition which in badly 
affected areas can be used as a visual indicator of the occurrence of arsenic poisoning.4 
1.1.3 The Arsenate Anion 
Arsenate exists as a tetrahedral oxyanion, similar in size, shape and charge to the more widely studied 
phosphate. The pKa values for the three protons of each anion are very close (Scheme 1).  
 
Scheme 1 - Equilibria and protonation constants for arsenate and phosphate. 
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Around natural pH, the prevalent species are HAsO42- and H2AsO4- (Figure 3).  
 
Figure 3 - Speciation diagram showing the variation in arsenate species with pH. (reproduced from Smedley and 
Kinniburgh, 2002).3 
1.2 Arsenic Remediation 
1.2.1 Arsenic Remediation 
In the short-term, in the areas most badly affected by arsenic contamination, it has been necessary to 
initiate a program of well-switching, i.e. avoiding use of arsenic contaminated waters altogether.11 
However, as global populations increase and water becomes ever more scarce, competition for 
resources will increase.12 Therefore it is unavoidable that arsenic has to be removed from 
contaminated sources, rendering water safe for people to drink. 
Depending on the location and nature of the arsenic contamination, different remediation strategies 
are appropriate. The three most important considerations are: 
i) Ability of the treatment to meet the relevant maximum contaminant level (MCL), and 
ideally to reach as low an arsenic concentration as possible. 
ii) The cost of implementing the treatment, and subsequent running costs. 
iii) The nature of waste generated during the treatment process. 
The composition of the influent water will be decisive – it is unlikely that any one treatment will be 
suitable for remediation of all water supplies.  
In addition to the three considerations above, in developing countries lack of finance and 
infrastructure play a large role in defining what technologies are suitable and social issues also come 
into play. For example, a study of arsenic removal plants installed in the West Bengal region of India, 
by Hossain et al. in 2006, found that many were missing both the WHO target of 10 µg L-1 and the 
Indian MCL of 50 µg L-1.13 This was attributed to a lack of understanding from communities who used 
the treatment facilities, which led to improper use and maintenance. This highlights how effective 
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arsenic remediation in developing countries, and especially rural areas, is not simply about developing 
the most effective technology.  
A range of different arsenic removal methods have been tested and implemented, including 
coagulation/filtration, membrane techniques such as reverse osmosis, and adsorption and ion-
exchange.  All of these methods have been reviewed, and their relative merits discussed extensively 
by Mondal et al.,8 Garelick et al.,14 Ng et al.,15 Choong et al.16, Mohan et al.17 and Jain et al.18 Therefore, 
herein only the key features of each method will be discussed, highlighting the conditions under which 
they have been successful in remediation and the aspects that have been problematic. As the aim of 
the work carried out during this project was to develop a new arsenic adsorbent, the use of adsorption 
in arsenic remediation is reviewed in the greatest detail. 
1.2.2 Precipitation Methods 
Coagulation and filtration involves the addition of a chemical to the water supply that causes 
precipitation of arsenic from the solution. Arsenic may form an insoluble compound with the 
coagulant, or can be adsorbed to the surface of the resulting precipitate.19  
The most common methods that have been described for arsenic removal are alum coagulation 
(addition of Al2(SO4)3), iron coagulation (addition of Fe2(SO4)3 or FeCl3) and lime softening  (addition of 
limestone or Ca(OH)2).14, 19 In all cases, arsenic removal is much more effective for AsV than AsIII so a 
pre-oxidation step (to convert AsIII to AsV), using chlorine or other common oxidants, is required. 
However this pre-treatment  brings its’ own hazards – chlorine can react with dissolved organics to 
form potentially toxic by-products.20 This is avoided by using KMnO4 as the oxidant, although this lacks 
the disinfectant properties of chlorine.18 
Aluminium coagulation is effective below pH 7 and above this pH arsenic removal decreases 
significantly. This means that it may be necessary to lower the pH of influent water before treatment, 
and then subsequently to raise the pH again to a suitable value for drinking water, adding extra 
chemical steps to the treatment process. Iron coagulation is less affected by the pH and so in many 
cases requires less pre-treatment of the influent water.21 This is due to the greater stability of iron 
hydroxides as compared to aluminium hydroxides around natural pH.18 A coagulation process based 
on Fe2(SO4)3 has been successfully used to treat arsenic contaminated groundwater in Bangladesh.22 
Each of these precipitation methods are reasonably simple to operate, require the use of commercially 
available chemicals and have been adapted for point-of-use water treatment.14 However, the resulting 
waste consists of an arsenic-laden sludge which has to be disposed of as a hazardous waste.  Another 
potential hazard is inefficient removal of iron in the filtration stage – a study carried out by 
Chandrasekaran et al. in 2010 suggested that iron and arsenic have a synergistic toxic effect on the 
liver in rats, although the mechanism for this was not clear and the effect has not yet been 
demonstrated in humans.23  
Lime softening is generally used to remove ‘hardness’ from water (i.e. Ca2+ and Mg2+) but can also be 
used to remediate AsV which is co-precipitated with magnesium hydroxide.18 This method works at 
high pH – if the pH is less than 10.5 then carbonate interference is an issue, and at pH less than 12 
phosphate can also reduce arsenic removal.14 The high operating pH means that post-treatment 
adjustment of the pH must be carried out. Lime softening is not cost effective if solely used for arsenic 
removal, but if water softening and arsenic removal are both required it can be useful. One potential 
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advantage is that if the softening process results in a large amount of solid precipitate (i.e. the 
“hardness” of the water is high), the relative arsenic content of this solid is usually low meaning it can 
be disposed as non-hazardous waste.18 
1.2.3 Membrane Methods 
Membrane techniques have also been used to remove arsenic from water. As dissolved arsenic species 
generally have low molecular weights, small size exclusion methods such as reverse osmosis and 
electrodialysis are required.18 In the case of reverse osmosis, the influent water is forced through a 
semi-permeable membrane – dissolved solids such as arsenic are retained on the membrane and so 
clean water is collected on the other side. Electrodialysis works in the opposite direction – an applied 
current forces dissolved ions through the membrane, which leaves behind clean water.21 
These techniques are more effective for charged species and so at natural pH require a pre-oxidation 
step to oxidise AsIII to AsV. However, in some cases these membrane methods can remove too much 
of the total dissolved solids to be suitable for municipal water supplies and so a post-treatment 
adjustment of the water content would be necessary. While no solid waste is produced by these 
methods, highly toxic waste water needs to be disposed – this can be more than 10 % of the influent 
volume,21 compared with 1 – 2 % water loss for precipitation and adsorption methods.18 There is also 
a high cost of both installation and operation of reverse osmosis treatment facilities, and the 
membranes are very sensitive to fouling.15 Replacement of damaged membranes adds an additional 
cost to the treatment process. Hybrid-membrane systems, which combine reverse osmosis with 
another step such as coagulation have shown a reduced fouling rate – the coagulation process is 
essentially a pre-treatment of the water.15 
1.2.4 Arsenic Adsorption and Ion Exchange 
Arsenic can be removed from water by passing the solution over a solid material (the adsorbent) that 
has some affinity for dissolved arsenic species. The arsenic forms an interaction with the surface of 
the adsorbent and is removed from solution. Extensive reviews of the many different materials that 
have been tested as arsenate adsorbents, from activated alumina to pine bark, are available 
elsewhere.17,24  This review will provide a short discussion on some of the key materials and will then 
focus on metal-based ion-exchange resins which have recently shown potential as arsenate 
adsorbents. 
Adsorption and ion exchange have been identified as being among the most cost-effective arsenic 
treatments,19 and have been implemented at many arsenic removal plants. In terms of adsorption 
from water, AsV represents an easier target than AsIII as it exists as either a mono- or di-valent anion 
(H2AsO4- / HAsO42-) at natural pH, whereas arsenite is uncharged below pH 9. Therefore an oxidative 
pre-treatment stage may be necessary, as discussed in section 1.2.2 above. 
1.2.5 Metal Oxides 
Metal oxides have been extensively studied as arsenic adsorbents, and they are attractive owing to 
their relatively low production and maintenance costs and high adsorption capacities. In particular, 
adsorption by iron oxides is a successful and widely used method both in developed countries at 
technologically advanced water treatment centres and more recently in Bangladesh, where a simple 
system named the SONO filter has shown great promise.25  
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Figure 4 – (a) schematic of iron oxide based SONO filter and (b) image of SONO filter in use in a Bangladeshi village (both 
taken from Hussam et al., 2007)25 
Iron oxides adsorb both AsV and AsIII, and the strongest interaction is formed with AsV owing to its 
negative charge. Adsorption of arsenate by iron oxides is most efficient at low pH and decreases with 
increasing pH – this is owing to changes in the protonation state of the material’s surface. At low pH 
the surface is protonated and so positively charged, resulting in a strong attraction for AsV (H2AsO4- is 
still the dominant species as low as pH 3). As pH increases, the surface charge is reduced until the 
‘point of zero charge’ is reached, i.e. the pH at which the surface has no overall charge. Above this pH, 
the surface is deprotonated and so negatively charged, which inhibits uptake of arsenate anions.  
Arsenate binds to iron oxide surfaces forming inner sphere complexes (Fe-O-As bonding) – the exact 
nature of bonding on granular ferric hydroxide was investigated by Guan et al. using FTIR and EXAFS.26 
At acidic pH, arsenate formed monodentate surface complexes and at neutral pH binuclear bidentate 
complexes (shown in Figure 5). The different binding modes presumably arise owing to the differing 
protonation states of the arsenate anion.  Arsenite forms both inner and outer sphere complexes with 
iron oxides.27 
 
Figure 5 – Proposed co-ordination mode of arsenate at an iron oxide surface in (a) monodentate and (b) bidentate 
binuclear fashion. 
(a) (b)
(a) (b)
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Other anions in solution can also bind to iron oxide surfaces and therefore inhibit arsenate uptake or 
induce desorption of arsenate. The competitive effect of common anions has been shown to decrease 
in the order phosphate > carbonate > sulphate > chloride.27 A study by Jeong et al. showed that silicate 
and phosphate had a strong competitive effect on arsenate uptake by Fe2O3 and that sulphate had a 
moderate effect.28 
Iron oxides can be regenerated when saturated by washing with NaOH, however in practise the As-
laden material is often disposed of as a hazardous waste sludge. This is due to practical and economic 
factors – regeneration results in a concentrated As solution that then needs to be disposed of, and 
may be harder to transport safely than a solid waste. A study by Chen et al. showed that disposal and 
replacement of spent iron oxide was cost effective as long as the adsorbent had a high arsenic 
capacity.29 
Activated alumina (aluminium oxide) is an effective arsenic adsorbent. The adsorption capacity of 
alumina is dramatically reduced at high pH and optimum operating pH is less than 6.14 This is owing to 
the very high affinity for hydroxide ions that compete with arsenic at the sorbent surface. Alumina is 
a reasonably low cost material and the saturated material can be regenerated with NaOH and H2SO4 
and re-used. However the regeneration procedure damages the alumina and reduces the adsorption 
capacity,18 meaning that in general this sorbent does not last more than four regeneration cycles 
before it needs to be replaced.21 During the regeneration, toxic waste water is produced but ultimately 
the spent adsorbent will also be disposed of as a hazardous solid. Both AsV and AsIII are adsorbed by 
alumina, but synchrotron studies by Arai et al. in 2001 demonstrated that arsenate forms inner sphere 
complexes at the surface (Al-O-As bonding) while arsenite forms a mixture of inner sphere and outer 
sphere (Al-O-H-O-As) complexes (see Figure 6),30 and it has been repeatedly shown that adsorption of 
AsV is much greater.27 Alumina suffers a greater competitive effect from other anions than iron oxides 
– for example, sulphate has been shown to inhibit arsenate uptake on Al2O3 to a greater degree than 
on Fe2O3.28 
 
Figure 6 – Proposed co-ordination mode of arsenic at an alumina surface with (a) arsenate forming an inner-sphere 
complex and (b) arsenite forming an outer sphere complex. 
Titanium dioxide has also been established as a potential arsenic adsorbent and its use was reviewed 
in 2012 by Guan et al.31 Both arsenate and arsenite form bidentate complexes at the TiO2 surface but 
in general titanium dioxide materials have shown lower adsorption capacities than alumina or iron 
oxides. However the key property of TiO2 is that in the presence of UV light it can act as a photocatalyst 
for the oxidation of AsIII to AsV.  As discussed above, arsenate is more easily removed from solution 
that arsenite therefore the most likely use for TiO2 is in a combined oxidation-adsorption approach, 
for example Zhou et al. reported a titanium dioxide – iron oxide bicomposite material that could 
efficiently oxidise arsenite and adsorb arsenate.32 D’Arcy et al. described an improved synthetic 
method for a similar bicomposite that demonstrated good arsenate adsorption properties (though the 
(a) (b)
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oxidation ability of this material has not yet been reported).33 The oxidation process can be inhibited 
by species such as bicarbonate and humic acid, which can scavenge oxidising species in solution.31 
There are numerous reasons to improve upon the performance of currently available materials. For 
example, there are many water sources that cannot be effectively remediated by adsorption owing to 
the presence of competing ions in the solution. These ions block adsorption sites so that arsenate is 
not bound, or they cause arsenate to desorb from the sorbent surface, releasing it back into the water 
supply. Designing adsorbents to have as specific an interaction with arsenate as possible will lessen 
the competitive effect, meaning that previously problematic waters could be remediated using 
adsorption, and that adsorbents will last longer before arsenic breakthrough occurs. Currently used 
materials can also prove to be less effective when the initial As concentration is very low (ppb range) 
as is usually found in natural waters.34 
Adsorbents with greater arsenate affinity are required to meet the likely more stringent water 
contaminant regulations in future. Currently, the WHO guideline for arsenic concentration in drinking 
water is 10 µg L-1, and this is set as the MCL in many countries including the UK and the USA. There 
are countries where the legal limit is set higher than the WHO guideline, such as 50 µg L-1 in India and 
China, owing to financial and/or technological limitations concerning arsenic removal and detection. 
The USA EPA has stated an idealised  target concentration of 0 µg L-1 for arsenic in drinking water 
supplies,10 and the legal limit is set at 7 µg L-1 in Australia. This is in part owing to the carcinogenic 
effect of arsenic, even at very low concentrations. The carcinogenic risk from any contaminant 
deemed acceptable by the USA EPA is 1 in 10 000, which is much lower than the 1 in 500 risk of cancer 
from drinking water containing 10 µg L-1 arsenic – assuming a linear dose response, this would require 
the MCL to be reduced by 20 times to 0.5 µg L-1. The difficulties of reliably removing and detecting 
arsenic at this level means that it would be impractical to reduce the MCL any further; however as 
detection methods improve,35 it is likely that the MCL will start to be reduced further in many 
countries.10 
1.2.6 Ion Exchange Resins 
Ion exchange resins have been a source of interest in the development of new arsenate adsorbents. 
These are generally polystyrene resins cross-linked to varying degrees with divinyl benzene, and the 
active sites of these polymers consist of a cationic quaternary ammonium group, which has a 
corresponding anion (usually chloride) associated with it. This anion is labile and so can be exchanged 
with other anions in solution, such as arsenate – after the exchange the arsenate is associated to the 
ammonium group and hence removed from solution. Strong base anion exchangers’ (SBAs) anion 
affinity is based on electrostatic attraction between the anion and the NR4+ groups of the resin; 
therefore they bind divalent anions more effectively than monovalent. This means that arsenate is 
adsorbed best above pH 7.2 where HAsO42- is the dominant species.36 While studies have shown that 
SBAs can adsorb arsenate to concentrations below 10 µg L-1, it has repeatedly been demonstrated that 
the presence of sulphate and chloride anions drastically reduces As uptake.36,37,38 Ion exchange resins 
are formed of a hydrophobic polymer matrix39 – this means that they interact most favourably with 
hydrophobic anions such as perchlorate or chloride40 rather than well solvated anions such as arsenate 
and phosphate. 
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Figure 7 – Uptake of arsenate by a strong base anion exchange resin. 
Weak base anion exchange resins have active sites consisting of NH2/NH3+ groups and show much 
reduced interference from chloride, sulphate and nitrate around neutral pH as compared to strong 
base resins.41 This is attributed to the formation of hydrogen bonds between NH3+ groups at the 
exchange sites and arsenate. Less basic anions such as sulphate and chloride form weaker hydrogen 
bonds or interact only through electrostatic attraction, and so selectivity for arsenate is improved. 
Hydrophilic weak base anion exchange resins have been prepared, where the resin matrix is composed 
of polyamines and therefore does not have the hydrophobic character of traditional ion exchange 
resins (polystyrene cross linked with divinyl benzene). This should lead to more favourable interactions 
with very hydrophilic anions such as arsenate (and phosphate). Awual et al. reported one such 
hydrophilic resin in 2008.39 Arsenate adsorption was greatest at pH 3, as at low pH the majority of the 
resin amine groups are protonated but H2AsO4- is still the major arsenate species and so has an 
electrostatic attraction to the resin. The protonated amine groups at the exchange sites could form 
hydrogen bonds with arsenate in addition to the electrostatic attraction which resulted in less 
competitive effect from chloride at neutral pH. Sulphate almost completely inhibited arsenate 
adsorption at low pH – this is because below pH 4.6 there is no HAsO42- present in solution but sulphate 
is present as SO42-. Therefore the resin is selective for the doubly charged sulphate ions. At neutral pH, 
the majority of arsenate in solution is HAsO42- and so the competitive effect of sulphate is lessened 
(although less of the resin’s exchange sites are protonated at this pH and so the overall anion affinity 
of the resin is reduced). A similar resin reported by Awual et al. in 2009 adsorbed arsenate with minor 
interference from chloride and nitrate, and moderate inhibition of adsorption by sulphate at pH 7.42 
However this resin displayed a slight preference for phosphate over arsenate in competitive 
adsorption experiments.42 
Sylvester et al. described an ion exchange resin impregnated with iron oxide nanoparticles43 which 
was subsequently quite successful in field trials and did not suffer from such interference.44 However, 
in this case the resin acts as a support for the nanoparticles and so the arsenate adsorption is mainly 
due to the iron oxide.  
1.2.7 Polymeric Ligand Exchangers 
Shortcomings of traditional ion exchangers as arsenate adsorbents led to the development of a new 
class of material – polymeric ligand exchangers (PLEs). The principles of ion exchange described above 
are still valid, but the active site contains a transition metal ion rather than a R4N+ group. This means 
that as well as electrostatic attraction between the anion and the resin active site, there is also a co-
ordination bond to the metal centre. 
The first examples of PLEs being used to adsorb arsenate were presented by Chanda et al. in 1988. In 
one study, a commercially available chelating resin consisting of di-(2-picolyl)-amine groups bound to 
polystyrene was loaded with Fe3+ ions resulting in a ligand exchanger.45 The arsenate uptake of the 
ligand exchange and ion exchange (i.e. H+ instead of Fe3+) forms of this were compared, and the ligand 
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exchanger was demonstrated to be a much better arsenate adsorbent. However, both sulphate and 
chloride could still inhibit adsorption to some extent.  
 
Figure 8 - Structure of exchange sites of (a) strong base anion exchange resin, (b) weak base anion exchange resin, (c) di-
(2-picolyl)-amine PLE and (d) iminodiacetic acid PLE. 
Another PLE described by Chanda et al. featured iminodiacetic acid groups as the chelating moiety.46 
Again the resin was loaded with Fe3+ ions and the arsenic uptake was evaluated. Adsorption of 
arsenate was much less than observed for the DPA based resin, presumably because the negative 
charges on the iminodiacetic acid groups result in the exchange site having a lower overall positive 
charge and therefore less affinity for arsenate anions. Interestingly in this case the presence of 
sulphate ions in the solution enhanced the adsorption of arsenate. 
1.2.8 Copper (II) loaded PLEs 
The field of arsenate adsorption by PLEs has been greatly advanced by SenGupta, Zhao and associated 
researchers. In 1992, SenGupta et al. prepared a PLE (Dow-2N-Cu) and subsequently demonstrated 
that it was selective over sulphate for oxyanions including both arsenate and phosphate.38, 47 The 
chelating groups of Dow-2N contained only one pyridyl arm as opposed to two in the resin used by 
Chanda et al., but the use of copper(II) ions increased the strength of the oxyanion – metal interaction. 
Further improvement on this PLE was sought and in 1998 the same researchers reported a di-(2-
picolyl)-amine chelating resin loaded with copper (II) ions named Dow-3N-Cu.48 The resulting material 
had an increased copper capacity and was initially shown to be an effective adsorbent for phosphate 
and chromate, again selecting these oxyanions over competitors such as sulphate and bicarbonate.49 
This led to Henry et al. testing the material as an arsenate adsorbent50 and in 2005 An et al. thoroughly 
quantified Dow-3N-Cu’s ability to uptake arsenate, showing that this PLE could meet the 10 µg L-1 
arsenic standard, and had a high maximum arsenic capacity.37 Most recently, the same group 
described the synthesis of a novel set of high surface area resins, with both 2N and 3N chelating 
groups.51 This study found that the greater cross linkage of the resins (as compared to DOW-3N) 
impaired arsenate uptake, but that the adsorption kinetics were fast, which could improve resistance 
to interference from organics or other contaminants. In 2008, Dimick et al. loaded DOW-3N with other 
first row transition metal cations (Fe2+ and Fe3+, Ni2+, Zn2+, Co2+ as well as Cu2+) and examined the 
perchlorate uptake of the resulting PLEs.52 This study found that the copper(II) loaded resin had the 
greatest perchlorate capacity. The arsenate adsorption properties of these copper-loaded PLEs are 
summarised in Table 1.  
 
 
 
(a) (b) (c) (d)
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Table 1 - Arsenate adsorption data for copper loaded polymeric ligand exchangers.  
Name and 
Reference 
Maximum 
Arsenate 
Capacity (mg g-1) 
Langmuir Affinity 
Coefficient          
(L mg-1) 
pH maximum Competition from 
other ions 
Cu-DOW-2N38 * * 8.5 As/S = 35 
Cu-DOW-3N37 92 0.2  7 As/S = 12 
Cl- and HCO3- did not 
interfere 
Cu-XAD1180-2N51 20 0.37  7 As/S = 9 
Cl- and HCO3- did not 
interfere 
Cu-XAD1180-3N51 26 0.11 7 As/S = 7.3 
Cl- and HCO3- did not 
interfere 
Cu-XAD16-2N51 15 0.23 7 As/S = 6.9 
Cl- and HCO3- did not 
interfere 
Cu-XAD16-3N51 18 0.19 7 As/S = 10 
Cl- and HCO3- did not 
interfere 
Cu-XAD7HP-3N51 19 0.13 7 As/S = 5.1 
Cl- and HCO3- did not 
interfere 
* = data not reported, As/S = arsenate-sulphate separation factor 
1.2.9 Other Metal Ions 
While most work focused on copper(II) loaded polymers as arsenate adsorbents, there have been 
reports of PLEs being prepared using other Lewis acidic metal ions including Zr4+, La3+, Y3+, Ce4+ and 
Mo6+. Many of these are discussed in a review by Dambies,24 and their adsorption properties are 
summarised in Table 2. The majority of the resins presented in the table show maximum arsenate 
uptake at pH well below 7 and in general were studied under quite varying conditions, so caution 
should be taken when making direct comparisons between the materials. 
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Table 2 - Arsenate adsorption data for non-copper loaded PLEs.  
Name and 
Reference 
Maximum 
Arsenate 
Capacity (mg g-1) 
Langmuir Affinity 
Coefficient          
(L mg-1) 
pH maximum Competition 
from other ions 
Fe-DOW-XFS45 46.0 0.051 5 Cl- and SO42- 
inhibit adsorption 
Fe-Chelex10046 45.0 0.013 2 Cl- and SO42-
facilitate 
adsorption at pH 
8 
Fe-LDA53 55.0 9.61 3.5 Not studied 
Fe-PHA54 86.2 0.37 2 - 4 Cl-, NO3-, SO42- did 
not interfere 
F-, SeO42- and 
H2PO4- interfere 
significantly 
Fe-Alginate 
Gel55,56 
352.0 1.68 3 - 4 SO42- and H2PO42- 
inhibit adsorption 
Fe-AGMP5057 11.2 (mg ml-1 – 
wet resin) 
* 5.4 Cl- did not 
interfere 
Zr-XAD758,59 53.9  4 - 6 NO3-, AcO-, SO42- 
and Cl- did not 
interfere 
F- and H2PO4- 
inhibit adsorption 
Zr-RGP60 50.2 * 2.03 NO3- and Cl- did 
not interfere 
MoVI-Chitosan 
beads24,61 
61.4  0.12 3 SO42- and Cl- did 
not interfere 
H2PO4- interfered 
strongly 
FeIII-200CT62 108.6 * 4.60 SO42- did not 
interfere 
H2PO4- interfered 
strongly 
CeIII-200CT62 53.5 * 8.67 SO42- did not 
interfere 
HPO42- interfered 
strongly 
AlIII-200CT62 29.3 * 7.45 SO42- did not 
interfere 
HPO42- interfered 
strongly 
LaIII-200CT62 7.7 * 5.56 SO42- did not 
interfere 
H2PO4- interfered 
strongly 
ZrIV-BPAP63 98 0.000016 4 As/S = 50 
As/Se = 20 
* = data not reported 
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More recent examples include the work of Shao et al., who in 2008 studied an amberlite resin loaded 
with various trivalent metal cations.62 Adsorption of arsenate by these PLEs was highly pH dependent, 
and as expected the presence of phosphate as a competing ion inhibited uptake more than sulphate. 
In 2009, Kailasam et al. functionalised a silica polyamine composite with phosphonic acid chelating 
groups, which were loaded with zirconium (IV) ions, as well as iron (III) and thorium (IV).63 Zr provided 
the best selectivity towards arsenate (over sulphate and selenite). Arsenate was adsorbed well at pH 
6 but maximum adsorption occurred at pH 4, which is outside the pH range of most natural waters. 
As many PLEs have shown great potential for use in arsenic remediation the aim of this project was to 
develop new PLEs with even greater arsenate affinity and selectivity, by synthesising resins where the 
active site consists of an arsenate specific molecular receptor. In the following section the use of 
chemical receptors to recognise arsenate in solution is reviewed. 
1.3 Molecular Recognition of Arsenate 
Molecular recognition of anions in water is a challenging area of study. However, given their 
importance in biological systems (phosphate, sulphate) and in environmental contamination 
(perchlorate, dichromate, arsenate), there are a wide range of compounds that have been designed 
to recognise different anions. Recognition of anions in water presents a particular challenge as in 
general aqueous anions are very well solvated – therefore, the recognition needs to take place in a 
highly competitive environment.64 This requires a strong interaction, and hence it is not surprising that 
many receptors designed to recognise anions in aqueous solution are metal complexes, which can 
form coordination bonds with the target ion.64, 65 Weakly basic anions such as chloride or perchlorate 
have much smaller free energies of hydration (i.e. are less hydrophilic) than strongly basic anions such 
as arsenate and phosphate40 (see Table 3). The Hofmeister series describes the relative hydrophilicity 
of anions and gives an indication of how strongly a given ion interacts with the surrounding water and 
so how difficult it will be to bind.66 
As well as the nature of the interaction between receptor and anion, the extent of ‘pre-organisation’ 
of the receptor is important. The less structural change that the host has to undergo in order to bind 
the guest, the more favourable the interaction will be.67 In fact, this is another advantage of using 
metal complexes to recognise anions – the co-ordination bonds are highly directional and so pre-
organised structures can be designed to interact selectively with specific anions. The data in Table 3 
shows the differences in size, geometry and basicity that can be exploited when targeting a particular 
anion. 
Arsenate itself can interact with molecular receptors in a number of ways: 
 Electrostatics – attraction to a positively charged receptor. 
 Hydrogen bonding – oxygen atoms can act as hydrogen bond acceptors and, if protonated, 
can act as hydrogen bond donors. 
 Lewis Acid-Base interaction – arsenate can act as a Lewis base by donating electrons to a Lewis 
acidic host such as a transition metal cation. 
The field of molecular recognition of phosphate anions is highly developed, owing to the ubiquity of 
phosphates in biological systems. Recognition of phosphates has been used as a route to tackling 
disease and unpicking the mechanisms of biological pathways and is the driving force behind the 
synthesis of a huge variety of chemical receptors.68 Arsenate is a very similar oxyanion to phosphate 
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in terms of structure, size and charge, but is highly toxic. As discussed earlier, arsenate is widely found 
as a contaminant in drinking water. Therefore it is somewhat surprising that the vast array of synthetic 
and structural knowledge gleaned from the study of phosphate has not been applied with the same 
vigour to the study of arsenate, either in the realms of arsenate sensing, remediation from 
contaminated water, or even treatment of arsenate poisoning (chelation therapy). 
A review of oxyanion receptors conducted in 2006 by Katayev et al. discusses over 100 molecular 
receptors but only two of these were tested as arsenate binders.69  Indeed, in a recent extensive 
review of phosphate receptor chemistry by Hargrove et al. in which the binding of phosphate and 
similar anions by almost 900 molecular receptors is discussed, there are only two examples of 
receptors that were also tested as arsenate binders (the same two that were discussed in the 2006 
review by Katayev et al.).68 Another review of the use of zinc(II)-dipicolylamine type receptors 
(extensively used as phosphate binders) by Ngo et al. discusses over 100 compounds of which zero 
were tested as arsenate receptors.70 The ubiquity of zinc(II) receptors for phosphate demonstrates 
how chemists often take their lead from nature – as zinc(II) is common in phosphate binding 
enzymes.65 However, there are a handful of metal complexes and H-bonding receptors that have been 
demonstrated to bind arsenate, as well as recent reports of receptors that show some promise as 
arsenate sensors. 
Table 3 – Structural and chemical data for a selection of common anions. 
 AsO43- PO43- SO42- ClO4- Acetate Nitrate Chloride 
Ionic 
Volume 
(Å3) 71 
63.9 56.5 51.0 57.9 17.8 24.0 24.8 
pKa 2.30; 6.99; 
11.8072 
2.12; 7.20; 
12.3240,69 
-3; 1.969 -769 4.7673 -1.6469 -769 
Geometry Tetrahedral Tetrahedral Tetrahedral Tetrahedral Trigonal Trigonal 
Planar 
Spherical 
X-O bond 
length (Å)  
1.6973 
 
1.5240 1.4740 1.4040 1.2673 1.2769 n/a 
Free 
Energy of 
Hydration 
(kJ mol-1)74 
* -2765 -1080 -430 -365 -395 -340 
* = data not reported. 
It is important to note that in all of the binding studies discussed below, the pH is such that arsenate 
is present as a mixture of H2AsO4- / HAsO42- (see pKa values in Table 3) - this is implicit even if it is not 
always directly discussed by the authors. 
1.3.1 Arsenate Recognition by Metal Complexes 
Oxyanions form strong co-ordination bonds with Lewis acidic metal centres. As phosphate is a strong 
Lewis Base, Lewis Acidic metal complexes will selectively bind phosphate over similar but less basic 
anions such as sulphate, as has been extensively demonstrated.68 Owing to their strong Lewis acidic 
properties, zinc(II) and copper(II) complexes have been widely used in phosphate receptors and by 
extension should also interact strongly with the similarly basic arsenate. As well as containing a 
suitable metal ion, oxyanion receptors must be designed such that the metal centre has at least one 
available coordination site for arsenate bonding to take place, or at least one of the sites should be 
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occupied only by a weakly coordinating ligand that can be displaced by arsenate. This necessitates a 
fast ligand exchange process, another reason why first row transition metals are commonly used in 
oxyanion receptors.67 Oxyanions such as arsenate represent a relatively small target for receptors, as 
there are few features that can act as a ‘handle’ in contrast to, for example, large biomolecules 
containing more than one functional group. It is therefore important that, aside from forming a strong 
co-ordination interaction or hydrogen bonds, the receptor complements the tetrahedral structure and 
ideally targets the anion in more than one position. This can be achieved by arranging multiple binding 
groups in a complementary geometry, or by situating two metal centres such that the oxyanion can 
form a bridging interaction (as has been observed in phosphate binding metalloenzymes).70  
Copper(II) complexes functionalised with  hydrogen bonding groups (ammonium or guanidinium) 
were designed as receptors for tetrahedral anions in 2003 by Tobey et al.75 The complexes (shown in 
Figure 9) demonstrated good affinity for phosphate and arsenate in water at neutral pH, with near 
identical binding constants for each anion, and were highly selective towards these over sulphate, 
acetate and nitrate.  The complex in Figure 9(a) had an affinity constant for arsenate of 2.5 x 104 M-1, 
and for the complex in Figure 9(b) the constant was 1.7 x 104 M-1. Analogues of the complexes that 
contained only the metal centre and no H-bonding groups were also tested and showed lower but 
reasonable affinity for phosphate, demonstrating that the Cu2+ site was important in terms of 
providing anion affinity, but that the prearrangement of the H-bonding groups was necessary to confer 
high affinity towards tetrahedral oxyanions. Therefore it is likely that the binding mode involves co-
ordination of one arsenate oxygen to the Cu2+and the remaining three oxygen atoms act as hydrogen 
bonding acceptors. 
 
Figure 9 - Chemical structures of copper(II) based tripodal anion receptors reported by Tobey et al.75 
A bridged phenol vanadyl complex (Figure 10) was reported by Egdal et al. to demonstrate selective 
binding to arsenate over phosphate in formate buffer at pH 3.76 Mass spectrometry demonstrated 
that exchange with aqua ligands at the vanadyl cations occurred faster for arsenate than phosphate. 
A subsequent computational study suggested that this selectivity could not be explained by 
differences in structure, but was due to differences in hydration energy between the complexes, i.e. 
the arsenate-bound complex was better stabilised by water than the phosphate complex.77 
(a) (b)
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Figure 10 - Structure of the vanadyl complex reported by Egdal et al.76 Coordinated water molecules are omitted for 
clarity. 
Another report on metal complexes that bind arsenate anions was purely a structural investigation 
rather than a quantification of arsenate binding. Cao et al. reported the crystal structures of a range 
of tripodal metal complexes hosting either arsenate or phosphate anions.78 The three copper(II) 
centres are arranged such that each of them can form a co-ordination bond with three of the anion 
oxygen atoms, complimenting the tetrahedral geometry (shown in Figure 11). However these 
complexes were studied as structural analogues for enzyme active sites rather than as molecular 
receptors and therefore the binding affinities were not reported. 
 
Figure 11 - Structure of tripodal copper(II) complex reported by Cao et al. with arsenate anion bound.78 
1.3.2 Arsenate Recognition by H-bonding receptors 
As well as the small number of co-ordination complexes discussed above, there are examples of 
molecular receptors that bind arsenate via H-bonding interactions. One early report from Sessler et 
al. concerns sapphyrin (shown in Figure 12 (a)) , which was attached to silica to give an anion-selective 
solid phase for HPLC separations.73 A good binding affinity for phenylarsenic acid (analogous to 
arsenate) was reported in methanol, with K = 1.9 x 105 M-1 – one order of magnitude greater than that 
found for phenylphosphonic acid. The selective interaction towards arsenate was correlated with the 
O-As bond length, i.e. the size of arsenate is complimented by the arrangement of the H-bonding sites 
in the sapphyrin binding pocket. 
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Figure 12 – Structures of (a) sapphyrin, shown to bind phenylarsenic acid by Sessler et al,73 (b) polyazacryptands 
reported by Jana et al79 and (c) tripodal urea tested as arsenate receptor in 9:1 DMSO:water by Dutta et al.80 
Jana et al. recently reported a family of polyazacryptands that could encapsulate halide ions as well 
as tetrahedral oxyanions (Figure 12(b)).79 X-ray crystal structures were obtained showing that the 
compounds could encapsulate phosphate, arsenate and sulphate anions. Binding affinities were not 
reported, however in a competitive crystallisation experiment in THF/water only a structure 
encapsulating phosphate was obtained (vs arsenate, sulphate, nitrate and halides). 
A TREN-based tripodal urea synthesised by Dutta et al. (see Figure 12 (c)) bound oxyanions in a 9:1 
DMSO/water mixture.80 This tripodal structure results in an arrangement of H-bonding sites that 
complement the tetrahedral geometry of arsenate. The affinity constant determined by NMR 
spectroscopic titrations for arsenate in this partially aqueous media was 2.24 x 104 M-1, around 5 times 
greater than that of phosphate, although the pH of the arsenate solution was 9.5 compared to 8.5 for 
the phosphate solution which could have an influence on the value of K. Presumably solubility issues 
prevented the compound being studied in a majority or completely aqueous media.  
Das and colleagues have described a number of H-bonding receptors (see Figure 13 – Figure 16) which 
show a selective fluorescent response to arsenate.81,82,83 The reported affinity constants for arsenate 
were determined from the fluorescent response and are in the range between 103 and 106 M-1. 
Interestingly, fluorescence enhancement was observed only in the presence of arsenate, against a 
range of other common anions and cations.   
 
Figure 13 – Structure of fluorescent arsenate sensor reported by Sahana et al. and proposed interaction with arsenate.83 
The compound shown in Figure 13 was proposed to act as both a hydrogen bond donor and acceptor 
in the presence of arsenate, through the phenol (donor)and the imine nitrogen (acceptor).83 1H NMR 
spectroscopic titrations in 1:9 Ethanol/water (buffered with HEPES at pH 7.4) resulted in shifts of the 
(a) (b) (c)
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phenol hydrogen and the imine hydrogen signals. The compound’s fluorescence was enhanced only 
in the presence of arsenate and was not disrupted in the presence of other anions such as phosphate 
and sulphate. A Job’s plot constructed from the fluorescence data suggested that the binding 
interaction had a 1: 2 stoichiometry, suggesting that one molecule of arsenate could bridge two 
molecules of receptor. The overall binding constant for the interaction was determined via the Benesi-
Hildebrand method to be 1.38 x 105 M-1. It would be beneficial if the binding constant were 
determined by another independent method (e.g. NMR spectroscopic titrations or calorimetry) as 
although the ability to induce enhancement of fluorescence is related to the strength of the binding 
interaction, there are various mechanisms by which this could occur. Also, this would establish the 
true selectivity of the compound – if an independent method only showed binding to arsenate and no 
other anions then the claim of selectivity would be significantly stronger. Finally, the study showed 
that arsenite (given here as H2AsO3- contrary to speciation diagrams above) induced a similar 
fluorescent response to arsenate. Arsenite is not capable of acting as a hydrogen bond acceptor at 
this pH and has a different geometry to arsenate – this suggests that the interaction with the phenol 
proton may not be required for fluorescence enhancement to occur.  
 
Figure 14 – Structure of fluorescent arsenate receptor and proposed interaction with arsenate.81 
Figure 14 shows a compound proposed to form a similar hydrogen bonding interaction with arsenate 
and reported by Lohar et al.81 Here it was suggested that the phenol of the receptor acts a hydrogen 
bond donor and the carbonyl oxygen acts as an acceptor, although it is possible that the imine nitrogen 
is the acceptor here as well (as the phenol group could rotate about the C-C single bond). Again the 
fluorescent response of the compound was selective towards arsenate and structural evidence of 
binding comes in the form of a NaH2AsO4: receptor adduct observed in the mass spectrum. The Benesi-
Hildebrand method was used to determine a binding constant of 8.9 x 103 M-1. Interestingly this is 
more than one order of magnitude lower than that reported for the compound in Figure 13 although 
the proposed interactions are very similar (and may be the same if indeed the imine is involved in 
bonding). Independent study of the binding interactions would therefore be useful to determine why 
there should be such a difference in affinity. 
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Figure 15 – Structure of manganese(II) complex and proposed interaction with arsenate.82 
Although the compound shown in Figure 15 is a manganese(II) complex, the researchers suggested 
that the interaction with arsenate occurs via H-bonding to the co-ordinated water molecule rather 
than direct co-ordination at the metal centre.82 The paramagnetic manganese centre presumably 
rendered the complex unsuitable for study by NMR spectroscopy, therefore the evidence presented 
in support of this H-bonding mode is the presence of a water molecule in the arsenate: complex adduct 
observed by mass spectrometry, and an H2O peak in the IR spectrum. A binding constant of 3.09 x 103 
M-1 was determined using the Benesi-Hildebrand method, the lowest constant of the compounds 
shown here. It was then demonstrated that the presence of other anions did not disrupt the 
fluorescence enhancement, however this experiment was carried out with 1000 equivalents of 
arsenate and 1000 equivalents of each potentially competing ion (relative to the MnII complex). It 
would be instructive to determine what happens when relatively low levels of arsenate are present 
(i.e. the compound and competing species are in excess) as is found in natural water samples. 
 
Figure 16 – Structure of fluorescent arsenate sensor and proposed interaction with arsenate.84 
The compound shown in Figure 16 also displays a selective fluorescent response towards arsenate and 
was used to determine the concentration of arsenate in natural groundwater samples.84  A Job’s plot 
constructed using fluorescence data implied a 1:1 binding stoichiometry, and a 1:1 arsenate: receptor 
adduct was observed in the mass spectrum. Using the Benesi-Hildebrand method the binding constant 
was determined to be 1.35 x 106 M-1 (in 1: 99 ethanol-water buffered with HEPES at pH 7.4). This value 
is very high – indeed, it is two orders of magnitude larger than the constants reported for the tripodal 
copper(II) complexes described by Tobey et al. (shown on page 31) which bind arsenate through a 
metal co-ordination bond and three hydrogen bonds. Therefore an independent method should be 
used to verify this binding constant – if the interaction is indeed this strong, then previous assumptions 
that metal co-ordination is required for effective aqueous anion recognition may be proven false.  
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It is unclear why the authors did not use NMR spectroscopic titrations as a second method to 
determine the binding constant, given that they did use NMR spectroscopic to investigate the mode 
of binding. Shifts in the phenol and imine proton signals implied that hydrogen bonding interactions 
occur at both of these sites. Addition of phosphate and other anions to a mix of receptor and arsenate 
did not disrupt the fluorescent response, however these experiments were carried out at equal 
concentrations of arsenate and the competing species. It would be interesting to determine whether 
relatively high levels (e.g. 100 equivalents) of other ions result in any change in fluorescence. The 
selectivity of the compound for arsenate over phosphate is attributed to the difference in size of the 
two anions, i.e. phosphate is too small to effectively H-bond at the phenol and both imine nitrogen 
atoms. Further affinity studies using a non-fluorescence based technique are required before this 
assertion can be made. Finally, the above receptor was immobilised onto a Merrifield polystyrene 
resin, with the intention of producing an arsenate selective adsorbent.  It was not demonstrated 
whether this material was indeed an effective adsorbent – the authors state “The results indicate that 
the polymer can efficiently remove the arsenate present in the water” but no data was provided to 
support this statement. Although more work is required to determine if these compounds are indeed 
highly arsenate selective binders and how that selectivity is achieved, it is interesting to consider that 
the common factor between the four compounds  is the presence of a C=N double bond, and a 
possible hydrogen bonding interaction between the arsenate anion and this imine nitrogen. Further 
investigations into this interaction is warranted – for example it could be that the basicity of arsenate 
is such that only H-bond donation by arsenate to the imine is of the correct magnitude to induce the 
necessary effect on the conjugated system to result in fluorescence enhancement. 
Arranz et al. reported a TREN-like ligand (Figure 17 (a)) that was immobilised onto activated carbon to 
give a material capable of adsorbing anions.85 Potentiometric titrations were used to determine anion 
binding constants – for the triply protonated ligand K = 3.55 x 104 M-1, 7.24 x 104 M-1 and 2.63 x 104 M-
1 for arsenate, phosphate and sulphate respectively. The high stability of the anion complexes was 
attributed to concurrent hydrogen bonding and anion-π interactions as shown in Figure 17 (b). 
 
Figure 17 – (a) Structure of TREN-like ligand and (b) Proposed interaction with arsenate.85 
Bisguanidinobenzenes were shown to act as Bronsted base ligands for arsenic and phosphoric acid by 
Ito et al.86 The compounds shown in Figure 18 were immobilised on two different polystyrene resins, 
Merrifield and HypoGel, and could uptake arsenic acid from solution. A subsequent study by Suzuki et 
al. found that adding an alkyl linker between the aromatic ring and the guanidinium group led to an 
improvement in arsenic uptake.87 However, much further work is required to determine whether 
these materials are effective enough to have a practical application in arsenic remediation. 
(a) (b)
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Figure 18 – Bisguanidinobenzes reported to act as Bronsted ligands for arsenic and phosphoric acid.86, 87 (X = alkyl chain 
attached to polystyrene resin). 
Bayrakc et al. have reported on the interaction of substituted calixarenes with arsenate (structures 
shown in Figure 19).88,89 The calixarene framework provides a convenient base upon which to arrange 
H-bonding groups that can complement tetrahedral anions. The lower rims of the calixarenes were 
substituted with H-bonding groups, such as pyridinium arms and could be used to extract arsenate 
from water into organic solvents such as dichloroethane. However, binding constants were not 
determined and the aqueous arsenate affinity of these compounds has not been quantified. 
 
Figure 19 – Structure of arsenate binding calixarenes reported by Bayrakc et al in (a) 200988 and (b) 2013.89 
 
 
 
 
 
 
 
 
 
(a) (b)
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1.4 Aims and Objectives 
As detailed above, there is great interest in developing new methods for the removal of arsenic from 
drinking water. In particular adsorbents with a high affinity and selectivity for arsenate are required.  
The overall approach taken during this project was to exploit the field of anion receptor chemistry in 
order to design a novel arsenic adsorbent. It has been noted that there is a lack of reported data for 
the binding of arsenate by chemical receptors when compared to that for other oxyanions such as 
phosphate.  The aim of this project was to develop an adsorbent in which the active sites would be 
composed of an arsenate selective chemical receptor thereby imparting excellent arsenate binding 
properties to the sorbent.  The objectives required to reach this aim were as follows: 
i) To test the affinity of known phosphate receptors for arsenate.  
ii) To design and synthesise novel chemical receptors that could bind arsenate in aqueous 
solution. 
iii) To take good candidate receptors and immobilise onto a suitable solid-support resulting 
in a novel material that can adsorb arsenate from water. 
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2. Di-metallic Complexes as Arsenate Receptors 
2.1 Di-metallic Complexes - Overview 
This section describes the synthesis and characterisation of a range of transition metal complexes of 
known ligands. Arsenate and other oxyanion binding properties of these metallo-receptors were 
quantified by determining binding constants. Binding of arsenate by the best performing receptor was 
further characterised by X-ray crystallography, and this complex was then immobilised onto a 
polystyrene resin to yield a novel arsenate adsorbent material. 
2.2 Background 
2.2.1 Di-metallic Complexes as Oxyanion Receptors 
Binuclear transition metal complexes of the ligands shown in Figure 20 are well known and have been 
widely studied. In the 1980s, Suzuki et al. reported the syntheses of cobalt(II) complexes90, 91 and 
copper(II) complex,92 as well as mixed valence iron93 and manganese94 complexes of ligand L1. X-ray 
crystal structures of these complexes showed how anionic ligands (e.g. acetate) could co-ordinate to 
both metal centres in a bridging mode.  
 
Figure 20 - Structure of ligands L1 and L2 and corresponding metal complexes 1 – 7. Counter-ions are omitted for clarity. 
Interest in these complexes was due to their similarity to enzyme active sites, and therefore they have 
been employed as enzyme mimetics, especially in the catalysis of hydrolysis reactions. In one such 
study by Seo et al. a crystal structure of the cobalt(III) complex with a phosphate ester bridging the 
two metals was obtained.95  
Zinc(II) and nickel(II) complexes of L1 were isolated in 2002 by Adams et al., and characterised by X-
ray crystallography.96 As the use of other zinc-DPA complexes as metallo-receptors for phosphate 
became widespread, interest in these complexes as phosphate receptors, rather than active site 
mimetics, grew.70 Han et al. designed a colorimetric assay for phosphate detection based on the di-
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zinc(II) complex.97 In 2003 Lee et al. synthesised L1 with a p-nitrophenylazo appendage - the resulting 
zinc(II) complex was a selective colorimetric sensor for pyrophosphate.98 
Complexes of L2 were first reported by Suzuki et al. – and these complexes were generally used in 
enzyme modelling experiments.99 In 2002 Adams et al. isolated a di-zinc(II) complex of L2 and reported 
the X-ray structure.100 This led to Takeda et al. exploring the possibility of employing this di-zinc(II) 
complex as a phosphate receptor and in 2003 they reported a mass spectrometric assay for detection 
of phosphorylated peptides using this complex.101 In 2004 Kinoshita et al. reported the X-ray structure 
of L2-Zn2 with a phosphoester bound.102 This confirmed that phosphate species could interact with the 
complex by forming a bridging interaction with both the metal centres. 
The selective interaction towards phosphate is a combination of the greater Lewis basicity of this anion 
compared to others such as sulphate, and the fact that the ligand frameworks hold the metal cations 
in such an orientation that the inter-metal distance correlates closely with the O-P-O angle of the 
phosphate, i.e. the binding sites are pre-organised well to interact with phosphates. 
Given the similarity in structure, size and pKa values of arsenate and phosphate, and the fact that any 
other metallo-receptors tested with both have shown very similar binding affinities,75 it was logical to 
assume that these complexes could bind arsenate with high affinity and with good selectivity over 
other (non-phosphate) anions. 
2.2.2 Anion Binding Studies 
In order to assess the strength and selectivity of arsenate binding by these complexes, it was necessary 
to determine binding constants. There are a variety of standard techniques that can be used to carry 
out the necessary titrations needed to determine the strength of such a host: guest interaction, for 
example UV/vis spectroscopy and NMR spectroscopy.103 The analytical technique selected depends 
on the strength of the binding interaction and the changes that the host or guest species undergo 
during binding. For example, 1H NMR spectroscopy requires higher concentrations than UV/vis 
spectroscopy and can only be used if the binding results in a change in the chemical shift of one or 
more protons. The following sections briefly introduce the techniques used during this project to 
determine arsenate binding constants. 
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2.2.3 Indicator Displacement Assays 
Indicator Displacement Assays (IDAs) are used to probe host – guest interactions when the binding 
event of interest does not itself induce a clear spectroscopic change, as is the case with the bi-metallic 
complexes studied during this project. A useful review article by Nguyen and Anslyn details various 
binding events which have been monitored in this way.104 
 
Scheme 2 - An Indicator Displacement Assay can be used to study the interaction between colourless receptors and 
analytes. The binding of the indicator induces a colour change which is reversed upon addition of the analyte. 
The principle of the displacement assay (shown in Scheme 2) is as follows – a strongly coloured (or 
fluorescent) dye molecule is bound to the receptor. Upon binding, the dye undergoes a clear colour 
change. The guest anion is then added to the receptor: dye assembly. Binding of a suitable guest by 
the receptor induces displacement of the dye from the binding site, which returns to its original colour. 
By monitoring these equilibria (e.g. by recording changes in absorbance over a range of 
concentrations), it is possible to determine binding constants for first the dye and subsequently the 
guest anion of interest. The data analysis is simplified greatly if the dye and the receptor: dye complex 
are the only species in solution with a significant UV/vis absorbance at the studied wavelength. 
Method of Continuous Variation (Job’s Plots) 
Before the displacement assay itself can be carried out it is necessary to characterise the binding of 
the dye by the receptor, in terms of stoichiometry and binding strength. A Job’s plot is constructed by 
recording the UV/vis absorbance of a range of solutions each containing receptor (R) and indicator (I) 
at different molar ratios. A plot of ΔAbs x 
[𝐼]
[𝑅]+[𝐼]
against 
[𝐼]
[𝑅]+[𝐼]
 yields a parabolic curve. The maximum 
or minimum of this parabola occurs at the value of 
[𝐼]
[𝑅]+[𝐼]
 which results in maximum R:I complex 
formation, i.e. the complex stoichiometry. For example, if the minimum of the parabola occurs at 0.5, 
then 
[𝐼]
[𝑅]+[𝐼]
= 0.5 and so the ratio of R:I is 1:1 (or of course 2:2, 3:3 etc). 
2.2.4 Isothermal Titration Calorimetry 
Isothermal Titration Calorimetry (ITC) – also used during this project -  is a technique that not only 
allows for the determination of binding constants, but also to quantify changes in enthalpy and 
entropy during binding interactions. It is most commonly used to investigate systems involving 
biologically important macromolecules, however there are also numerous examples of ITC being used 
to investigate binding to small chemical receptors.97, 75 
ITC is a calorimetric method i.e. the binding interaction is monitored in terms of heat change. During 
the titration, a solution of receptor is stirred at constant temperature in the calorimetric cell. As the 
anion solution is titrated in, the heat change is monitored – or, more accurately, the energy input 
required to maintain the solution temperature is recorded. For example, if the binding is exothermic, 
+
Receptor
Free Indicator
Receptor: Indicator 
Complex
Analyte
Receptor: Analyte
Complex
Free Indicator
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the temperature of the solution will increase, and a negative energy input will return the solution to 
its initial temperature. This gives an initial raw data output consisting of sharp peaks that reduce over 
the course of the titration. Integrating under these peaks gives the binding curve which can be fit using 
Equation 1 to yield Kass , ΔH and the stoichiometric parameter n. 
 
 
Equation 1 – Relationship of the heat content of the solution (Q) to the binding constant (K).  Other parameters n = 
number of sites, V0  = active cell volume, Mt = bulk concentration of host & Xt = bulk concentration of ligand. 
2.2.5 Anion Speciation 
The protonation state and therefore the overall charge of anions in aqueous solution changes with pH 
and is dependent on the pKa of the anion’s protons. For example, sulphate has two protons with pKa 
values of -3 and 1.9 and so exists as a doubly charged anion above pH 2.69 However, arsenate and 
phosphate have more complex protonation equilibria (as shown in Scheme 1). 
This means that arsenate exists as a mixture of singly and doubly charged anions (H2AsO4- / HAsO42-) 
around neutral pH. The above techniques (IDAs and ITC) were used during this project to determine 
anion binding constants but do not distinguish whether the mono- or di- valent anion is bound. The 
binding interaction will also shift the protonation equilibria. Therefore these techniques were used to 
determine ‘apparent’ binding constants for all the arsenate (and phosphate) species present in 
solution. As the ultimate aim of the work was to produce an adsorbent with a good affinity for all 
arsenate species present in natural waters it was not important to distinguish these individual species. 
2.2.6 Immobilisation of Complex 3 onto Solid Supports 
There are recent reports of receptor 3 and similar receptors being attached to solid supports, with a 
range of subsequent applications. Liu et al. reported the immobilisation of a similar di-zinc(II) complex 
onto silica in 2011, yielding a material that could be used for the electrochemical detection of 
pyrophosphate.105 In the same year, Oh et al. reported the synthesis of complex 3 grafted onto silica 
nanoparticles.106 The resulting assembly was used in conjunction with pyrocatechol violet to provide 
a novel way of selectively sensing pyrophosphate. In 2012, Liu et al. attached complex 3 to a hyaluronic 
acid nanoconjugate – this assembly could then be used to selectively deliver siRNA into tumour 
cells.107 The choice of solid support and method of immobilising the complex is determined by the 
intended application of the new material and by synthetic considerations. In the work undertaken 
during this project chemical receptors were immobilised onto polystyrene resins, due to the promising 
arsenic uptake properties shown by polystyrene based ligand-exchange resins (see Chapter 1). 
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2.3 Aims and Objectives 
Given the paucity of available literature discussing binding of arsenate, and the promise that Polymeric 
Ligand Exchangers (PLEs) have shown in arsenic remediation, the aim of the work discussed in this 
chapter was to quantify the arsenate binding properties of a range of metallo-receptors and to adapt 
good candidate receptors so that they could be incorporated onto a solid support. 
The specific objectives required to reach this aim were as follows: 
i) To synthesise and fully characterise first-row transition metal complexes of two known 
chelating ligands. 
ii) To use established solution phase techniques (IDAs and ITC) to ascertain the arsenate 
binding affinity of the complexes, as well as the affinity for potential competing anions. 
iii) To select a suitable solid-support and to functionalise the best arsenate binders so that 
they can be immobilised onto the support to yield a novel material that could be tested 
as an arsenate scavenger. 
2.4 Synthesis and Characterisation of Metal Complexes 1 - 7 
2.4.1 Synthesis of Ligand L1 
The phenol-derived ligand L1 has been synthesised previously, however literature preparations are 
generally either time intensive or require lengthy purifications by column chromatography.108, 109 
Preliminary work carried out in the Vilar research group led to the development of a solvent-free 
synthetic procedure that gave L1 in good yields without the need for further purification (see Figure 
21).110 This Finkelstein activation was carried out by grinding the reagents together using a mortar and 
pestle – first, di-(2-picolyl)-amine was mixed with KI, K2CO3 and a small amount of PEG-400 (which it 
is suggested could act as a K+ co-ordinator, increasing the availability of the iodide) until a thick paste 
was formed. The 2,6-bis-(chloromethyl)-4-methylphenol was then added and the reagents ground 
together. After a simple DCM/water partition, the pure product was isolated in the organic layer.  
 
Figure 21 - Synthesis of ligand L1, reagents and conditions (i) K2CO3, KI, PEG-400, grinding, 5 min (ii) 2,6-bis-
(chloromethyl)-4-methylphenol, grinding, 45 min. 
This method offered a significant improvement in both reaction and purification time compared to 
reported methods, as a sample of ligand ready for complexation could be obtained within 2 hours of 
starting the reaction. Formation of L1 was confirmed by 1H NMR spectroscopy and electrospray mass 
spectrometry, both of which were consistent with previously reported data for this ligand.111 
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2.4.2 Synthesis of Complexes 1 – 3 
The synthetic procedures for metal complexation to L1 were very similar regardless of the metal salt 
used (see Figure 22), and in general were carried out by slight modifications to reported methods. 
L1 was stirred in hot methanol with an organic base (triethylamine), before addition of the desired 
metal salt. After refluxing for 90 minutes, the solution was allowed to cool and NaBF4 was added to 
aid precipitation by adding a bulky counter-ion. The complexes then precipitated from the cool 
solution and could be easily isolated by filtration and washing with cold ethanol and ether.  
 
Figure 22 - Synthesis of metal complexes 1 – 3, reagents and conditions (i) NEt3, M(OAc)2, MeOH, reflux, 90 min (ii) 
NaBF4, RT, precipitation. 
 In the cases of the paramagnetic metals (copper(II), non-square planar nickel(II)), complex formation 
was confirmed by electrospray mass spectrometry and elemental analysis. Formation of the di-zinc(II) 
complex was also confirmed by 1H NMR spectroscopy, in particular the inequivalence of the pyridyl 
arm protons which is indicative of metal complexation. The presence of two acetate counter-ions 
bridging the zinc centres could also be confirmed by the occurrence of a singlet in the 1H NMR 
spectrum integrating to six protons. Elemental analysis was used to confirm the purity of each of the 
complexes. 
2.4.3 Synthesis of Complex 4 
In the case of the vanadium complex 4, vanadyl sulphate was used as the metal source. The synthetic 
procedure was adapted from the reported method for a similar vanadyl complex, as shown in Figure 
23.112 
 
Figure 23 - Synthesis of vanadyl complex 4, reagents and conditions (i) (VO)SO4·5H2O, ethanol/water, reflux, 10 min (ii) 
NaBF4, reflux, 30 min. 
L1 was stirred in a 5:1 mixture of ethanol and water at room temperature. VOSO4·5H2O was added and 
the temperature was raised to reflux. NaBF4 was added, and the solution heated at reflux for a further 
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30 minutes. The reaction was allowed to cool and left to stand – complex 4 was then isolated via 
precipitation and filtration. Formation of 4 was confirmed by a molecular ion peak at m / z 759 a.m.u 
in the  ESI+ MS, and the purity of the complex by elemental analysis. 
2.4.4 Synthesis of Complexes 5 – 7 
For the purposes of the work carried out here, a sample of L2 was kindly supplied by Dr. Chirag Patel. 
Complexation of each metal to L2 was again carried out by slight modifications to reported procedures. 
As for 1 – 3, the ligand was deprotonated in hot methanol and the metal salt added (see Figure 24). 
The difference from the above procedure is that NaPF6 was used to provide the bulky counter-ion, as 
reported by Adams et al.100 
 
Figure 24 - Synthesis of metal complexes 5 - 7, reagents and conditions (i) NEt3, MeOH, 55 °C, 10 min (ii) NaPF6, reflux, 30 
min. 
Again, formation of all the complexes was confirmed by ESI-MS, with 1H NMR spectroscopy providing 
clear evidence of complexation in the case of the zinc(II) complex, in the form of inequivalence of the 
pyridine ring protons and the CH2 groups of the pyridyl arms. The purity of each complex was 
confirmed by elemental analysis. 
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2.4.5 X-ray Characterisation of the di-Nickel Complex 6 
In the case of the di-nickel(II) complex 6, additional structural information was obtained via X-Ray 
crystallography. Addition of NaPF6 to the blue methanolic reaction solution resulted in an initial 
precipitate that consisted of pink crystals. These were isolated via filtration and characterised by X-
ray crystallography and ESI-MS. Subsequently, dark blue crystals were isolated from the remaining 
solution via diffusion of diethyl ether. Both of the compounds were found to be nickel(II) complexes, 
however the pink crystals consisted of the mono-nickel(II) complex 8 shown in Figure 25, and the dark 
blue crystals were the desired di-nickel(II) complex 6, with both Ni2+ cations co-ordinated to the 
hydroxyl oxygen and bridged by two acetate counter-ions (see Figure 26). 
 
Figure 25 - Structure of the mono-nickel(II) cation present in 8.  The Ni atom is in an octahedral environment with 6-N-
donors – the OH group is not involved in binding the metal. 
The structure of the pink complex 8 was unexpected – L2 coordinated to one nickel centre and so both 
the DPA arms of the ligand chelate to the same Ni2+ cation, such that the ligand “wraps” around the 
metal with the hydroxyl group not involved in co-ordination. The octahedral coordination sphere is 
therefore filled by bonding to four pyridyl nitrogen atoms and two alkyl amine nitrogen atoms. 
Coordination bonds with the pyridyl groups are slightly shorter than those with the amines; 2.0940(18) 
– 2.0985(19) Å compared to 2.1101(19) and 2.1308(19) Å. During the initial refinement of this 
structure a large residual peak (ca. 3.8 eÅ-3) was present in the final ΔF map. This peak lies in a 
chemically impossible position, 0.85 Å from the nickel atom approximately along the Ni-N(5) bond 
direction. The absorption coefficient was only 0.77 mm-1 and so this is unlikely to be an absorption 
peak. A second crystal from the same sample was therefore analysed, from which the data reported 
here was collected. The residual peak was observed in the same position but at ca. 2.7 eÅ-3. This clear 
variation in the size of the peak led to the conclusion that it was most likely an anomaly of the crystals 
rather than a feature of the structure and was therefore discounted. 
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Figure 26 - Structure of the di-nickel(II) cation present in 6.  Both nickel atoms are in octahedral environments, with two 
bridging acetate counter ions.  The hydroxyl group bridges the two metal atoms. 
Complex 6 contains two nickel(II) centres coordinated to L2 with two bridging acetates completing the 
octahedral coordination sphere of each metal cation. Again the coordination bonds to the pyridyl 
nitrogen atoms are slightly shorter than those to the amines; 2.0625(13) – 2.0913(13) Å compared to 
2.1108(12) and 2.1173(13) Å. The bonds to the µ2-briding hydroxyl oxygen atom are also shorter than 
the bonds to the acetate ligands; 1.9720(10) and 1.9738(10) Å compared to 2.0261(10) – 2.1240(11) 
Å. 
The formation of complex 8 is structurally interesting but this compound is not useful as an anion 
receptor as the nickel(II) centre is co-ordinatively saturated, i.e. there are no free sites available for 
binding or labile ligands that could be readily displaced. However, it was of interest to determine 
whether the mono-nickel complex was simply a minor product of the reaction (perhaps due to a slight 
mismatch in metal – ligand stoichiometry) or whether the two structures interconvert in solution, as 
this would have implications for the use of the di-nickel(II) complex as an anion receptor. 
Analysis of the reaction solution by mass spectrometry (Figure 27) showed that compounds 6 and 8 
were both present.  
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Figure 27 - ESI mass spectrum of the reaction solution during complexation of Ni(OAc)2 to L2. Complex 6 (m/z = 659 
a.m.u) and complex 8 (m/z = 511 a.m.u) are both present. Py denotes a pyridine ring. 
In the mass spectrum of 8 (Figure 28) the expected peak for the mono-nickel structure (m/z = 511 
a.m.u) was observed, together with a peak at m/z = 655 a.m.u which displays the expected isotopic 
pattern of a di-nickel complex. 
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Figure 28 - ESI mass spectrum of pink crystals of 8 dissolved in methanol. 
The evidence from ESI-MS analysis is that once the di-nickel complex is formed, it is stable and does 
not convert to the mono- form. When pure crystals of 6 were dissolved in methanol and the ESI mass 
spectrum recorded, there was no peak at m/z 511 a.m.u corresponding to the single nickel complex 
(Figure 29).  
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Figure 29 - ESI mass spectrum of complex 6 dissolved in methanol, containing no peak at m/z 511 a.m.u. 
There is a minor peak at m/z 256 a.m.u which corresponds to the doubly charged mono-nickel species 
with the hydroxyl group protonated – this could be formed as the protonated form of 8 or it is possible 
that this is simply due to fragmentation in the mass spectrometer (as drawn). Taken together with the 
other data, the absence of a peak at m / z 511 a.m.u in the ESI+ spectrum of 6 implies that 8 formed 
as a minor reaction product, however the possibility of formation of such mono-metallic complexes 
of L2 during synthesis cannot be discounted. 
2.5 Anion Binding Studies 
2.5.1 Indicator Displacement Assays 
The affinity of the complexes for arsenate and other oxyanions was first investigated by Indicator 
Displacement Assay (IDA). Pyrocatechol Violet (PV) is a strongly coloured compound which, at neutral 
pH, undergoes a very clear change (yellow to blue) upon binding to a transition metal cation (dye 
structure shown in Figure 30). It has been used as an indicator to sense the presence of metal ions in 
solution, and has been employed in displacement assays to monitor anion binding by metal 
complexes, including complex 3.97,113 
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Figure 30 - Structure of pyrocatechol violet, used as an indicator during displacement assays. 
Therefore PV was initially selected as the dye that would be used to probe the arsenate binding 
properties of these complexes.   
Stoichiometry of Receptor: PV Assemblies 
The binding stoichiometry between PV and all of the complexes 1 – 3 and 5 – 7 was determined to be 
1:1 by the method of continuous variation (Job’s Plot). As a representative example, Figure 31 shows 
the Job’s plot for complex 3 and PV. 
 
Figure 31 - Job’s plot constructed by measuring the UV/vis absorbance of a range of solutions containing varying molar 
ratios of 3 and Pyrocatechol violet in 100 mM HEPES at pH 7.5; the minimum of the parabola occurs at 0.5. 
Clearly the minimum of the parabola obtained is at 0.5 and therefore the ratio of 3 and PV which 
results in maximum 3: PV formation is 1: 1. 
Displacement of PV - screening 
As the Job’s plots had shown that each complex bound PV in a 1:1 manner, the principle of 
displacement assays could be exploited to carry out a quick, simple screening of each complex’s anion 
binding properties. Each receptor was mixed in a 1:1 ratio with PV, before the addition of 1 and then 
10 equivalents of arsenate, phosphate and sulphate. The change in the UV-vis absorbance at 445 nm 
is proportional to the extent of displacement of PV from the complex. This was used as a rapid, semi-
qualitative method of assessing the potential of each complex as an arsenate receptor. 
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Figure 32 - Change in absorbance at 445 nm upon addition of 1 (red) and 10 (blue) equivalents of each anion to a 1:1 mix 
of complex and pyrocatechol violet (50 µM) in 100 mM HEPES at pH 7.5, N.B. no data is shown for complex 5 as 
precipitation occurred upon mixing this complex with pyrocatechol violet. 
It can be seen from Figure 32 that the greatest displacement of PV was observed upon addition of 
arsenate and phosphate to the zinc complexes 3 and 7. These complexes showed no response to the 
addition of sulphate, demonstrating good anion selectivity. No significant absorbance changes were 
observed upon addition of arsenate with any of the di-copper(II) and di-nickel(II) complexes studied 
here. 
Displacement of PV – Zinc(II) Complex 3 
The binding constant between 3 and PV was determined by titrating a solution of PV with increasing 
amounts of the complex. A plot of [3] vs absorbance at 445 nm yielded a binding curve (see Figure 33) 
from which the binding constant was obtained by carrying out a data fitting procedure in Origin, 
described in detail by Hargrove et al.114  
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Figure 33 - Plot showing change in absorbance at 445 nm upon titration of 25 µM PV solution with complex 3, with fit 
line shown in red. All solutions were prepared in 100 mM HEPES at pH 7.5. 
A good fit (r2 > 0.9) with the 1: 1 binding model, as well as the result of the Job’s plot, confirms that 3 
binds PV at a 1: 1 stoichiometry with KPV = (2.31 ± 0.96) x 105 M-1. 
The binding curves obtained upon titration of a solution containing a 1:1 mixture of 3 and PV with 
increasing amounts of arsenate, phosphate and sulphate are shown in Figure 34. As PV is displaced 
from the binding site, the absorbance at 445 nm increases, and a plot of anion concentration vs 
absorbance yielded a curve that could be fit in Origin using another procedure described by Hargrove 
et al.114  
 
Figure 34 - Change in absorbance at 445 nm upon addition of anion to a solution containing 50 µM 3 and pyrocatechol 
violet in 100 mM HEPES at pH 7.5, where anion is (a) arsenate, (b) phosphate and (c) sulphate – fit lines are shown in 
red. 
The binding constants determined for arsenate and phosphate were very similar (as expected) and 
are given in Table 4, while sulphate did not induce displacement of PV even after 10 equivalents of 
anion were added. This demonstrates that 3 will selectively bind arsenate and phosphate over 
sulphate, but does not show selectivity between arsenate and phosphate. 
Displacement of PV – Zinc(II) Complex 7 
The binding constant between 7 and PV was determined by the same method as for complex 3 
(binding curve in Figure 35). The change in absorbance observed was much less than for 3, with KPV = 
(5.70 ± 0.51) x 103 M-1. This lower affinity meant that arsenate and phosphate could displace PV more 
easily from the binding site of 7 than 3, as found during the screening experiment shown in Figure 32.  
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Figure 35 – Plot showing change in absorbance at 445 nm upon titration of 25 µM PV solution with complex 7, with fit 
line shown in red. All solutions were prepared in 100 mM HEPES at pH 7.5. 
However, subsequent titration of a solution containing a 1: 1 mixture of 7 and PV with increasing 
amounts of arsenate and phosphate led to very sharp changes in absorbance with anion concentration 
– full displacement of PV was observed after addition of 0.5 equivalents of each oxyanion. 
Consequently these binding curves could not be well fit using the model described by Hargrove et al. 
and so binding constants were not obtained using this method. Instead, oxyanion binding by 7 was 
further investigated by ITC (see page 59). 
Displacement of PV – Copper Complexes 
For the di-copper(II) complex 1, difficulties were encountered during the data fitting process when 
attempting to determine the PV binding constant. These arose as 1 has a small but significant UV-vis 
absorbance at the wavelengths of interest, meaning that changes in absorbance observed during the 
titration are not solely due to the difference between bound and free PV. Furthermore, the 
spectroscopic change observed upon mixing PV and 1 was very slight – while the absorbances at 445 
nm and 600 nm decreased and increased respectively, the colour change was not clearly visible to the 
naked eye. In any case, displacement assays were carried out with the three anions (arsenate, 
phosphate, sulphate) and no significant changes in absorbance were observed (Figure 32). These 
results suggested that either 1 does not interact strongly with the studied anions, or that PV is not a 
suitable dye molecule to study the binding of anions by this metallo-receptor.  
Data for complex 5 is not shown in Figure 32 as a precipitate formed upon mixing 50 µM 5 and 50 µM 
PV and the displacement experiment could not be carried out. This was however repeated at reduced 
concentration and proceeded without any precipitation (see Appendix). From the screening 
experiment conducted with PV and complex 5, it was concluded that 5 did interact with arsenate and 
phosphate although the extent of displacement of PV was less than for zinc(II) complexes 3 and 7. 
Oxyanion binding by both copper(II) complexes was therefore further investigated by ITC (see page 
60). 
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Displacement of PV – Nickel Complexes 
Titration of PV with complex 2 revealed a very strong binding interaction, with KPV > 106 M-1 (see 
Appendix for the titration curve). The consequence of this strong binding was that neither arsenate, 
phosphate nor sulphate induced displacement of PV from the binding site (as was seen during the 
screening assay shown in Figure 32). A range of other anions were therefore tested against this assay 
and only pyrophosphate resulted in a visible colour change as shown in Figure 36. 
 
 
Figure 36 - The change in absorbance at 445 nm upon addition of 5 equivalents of each anion to a 1:1 mixture of 
complex 2 and pyrocatechol violet in 100 mM HEPES at pH 7.5. 
This result demonstrates how changing the metal at the binding site can tune the properties of the 
receptor – with the phenol di-zinc(II) complex 3, both phosphate and pyrophosphate will displace PV, 
but for the di-nickel(II) only pyrophosphate displaces, as shown in Figure 37. If desired, it should be 
possible to design a pyrophosphate selective colorimetric assay using complex 2 and PV dye. 
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Figure 37 - The change in absorbance at 445 nm upon addition of 5 equivalents of each anion to a 1:1 mixture of either 
complex 3 or complex 2 and pyrocatechol violet in 100 mM HEPES at pH 7.5. 
Di-nickel complex 6 was shown to display similar behaviour during the screening (see Figure 32) as 2 
and therefore a displacement assay with PV could not be used to determine the arsenate binding 
constant. 
Copper and Nickel Complexes – Other Dyes 
As displacement of PV from 1, 2 or 6 by arsenate was not observed, these complexes were screened 
with a range of other colorimetric dyes that have previously been used in IDAs with bimetallic 
receptors (dyes shown in Figure 38).113 
 
Figure 38 - Structure and abbreviated name of colorimetric dyes tested for use in displacement assays. 
The dyes were mixed in a 1: 1 ratio with each of the complexes, and then 1 and 5 equivalents of 
arsenate were added. However, in each case, either the dye was not bound by the receptor, or the 
L1-Zn2 L1-Ni2
0.00
0.05
0.10
0.15
0.20
0.25

A
b
s
 a
t 
4
4
5
 n
m
 Pyrophosphate
 Phosphate
DT GCARS
BPR MXXO
 59 
 
dye did bind but was not subsequently displaced by the addition of arsenate. Therefore it was not 
possible to use an IDA to determine arsenate binding properties for complexes 1, 2 or 6 during this 
project. 
Displacement of PV – Vanadyl Complex 
Vanadyl complex 4 displayed unusual behaviour upon mixing with 1 equivalent of PV. Rather than a 
change in colour from yellow to blue, as was observed upon binding of PV by the other complexes 
studied, a change from yellow to red was observed (see Appendix). Subsequent addition of anions to 
the mixture did not reverse this colour change and so binding constants could not be determined using 
this method. The lack of reversal of colour change indicated that complex 4 does not interact strongly 
with arsenate. It is not immediately clear why binding to 4 should induce such a different colour 
change in PV. One possibility is that the oxygen atoms of the two vanadyl cations could hinder the 
binding of PV and force it to bind in a different mode, perhaps through the sulphate moiety rather 
than the catechol. 
2.5.2 Isothermal Titration Calorimetry 
Di-zinc(II) Complex 3  
ITC was used to determine anion binding constants for arsenate and phosphate in 100 mM HEPES at 
pH 7.5. Raw data as well as the integrated binding curves are shown in Figure 39. 
 
Figure 39 - Raw isothermal titration calorimetry data and integrated binding curve obtained upon titrating (a) 3 mM 
Na2HPO4 and (b) 3 mM Na2HAsO4·7H2O into a calorimetric cell containing 0.21 mM 3. In both cases 20 x 10 µL injections 
were made with a spacing of 180 s. All solutions were prepared in 100 mM HEPES at pH 7.5. 
No interaction with sulphate could be detected by ITC, even at elevated anion concentrations. As with 
the IDAs, this demonstrates the clear preference of 3 towards arsenate and phosphate over other 
anions. The binding data in Table 4 shows that 3 does not show selectivity between arsenate and 
phosphate.  
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Table 4 - Binding constants and enthalpy changes determined for zinc complex 3 by isothermal titration calorimetry and 
binding constants determined by indicator displacement assay.  
Anion K (M-1) - ITC K (M-1) - IDA ΔH (kJ mol-1) - ITC 
Arsenate (1.45 ± 0.3) x 104 (1.63 ± 0.4) x 104 -4.02 ± 0.5 
Phosphate (2.08 ± 0.5) x 104  (2.10 ± 0.4) x 104  -3.68 ± 0.2 
Sulphate No binding detected No binding detected n/a 
N.B. average of 3 titrations, errors shown are ±1 sd 
The ΔH values obtained from ITC are also shown in Table 4 and reveal that the binding interaction is 
an exothermic process, as would be expected for formation of a strong co-ordination bond. It should 
also be noted that the binding constant for phosphate is lower than that determined by Han et al. 
during their studies of the zinc complex 3.97 It is well established that binding constants are very 
sensitive to the conditions under which they are studied, especially with regards to pH and the 
composition of the solution. For example, it has been shown that even changes in buffer concentration 
can have large effects on the value of the binding constant.98 The study by Han et al. was carried out 
at pH 7 in 10 mM HEPES buffer, and the zinc complex was formed in situ with perchlorate as counter 
ion. The studies reported here were carried out in 100 mM HEPES and the zinc complex had been 
isolated with bridging acetate counter-ions at the binding site. The increased buffer concentration and 
added competitive effect of the acetate ions could be expected to reduce the affinity of the complex 
for phosphate, but this higher buffer concentration was required to ensure that the arsenate and 
phosphate solutions remained at pH 7.5 during the ITC experiments. In any case, the focus of the study 
here was to compare the affinity of arsenate and phosphate, and any difference in affinity between 
the various metal complexes. Therefore as all the experiments here were carried out under the same 
conditions, it is still possible to draw the necessary conclusions. Furthermore, there was good 
agreement between the binding constants determined by two independent methods (one 
spectrometric, the other calorimetric) which gives confidence in the anion affinities determined under 
these experimental conditions. 
Complexes 1,2 and 4 – 7  
No binding interaction was detected between the three anions and any of the other complexes (1,2 
and 4 – 7) by ITC (at the same concentration of complex as 3). There is a clear relationship between 
the total heat exchange in the cell and the total number of binding events that take place. Interactions 
of high binding constant and at high concentration will result in a larger total number of binding events 
and therefore a larger total heat exchange. Conversely, if the binding constant and/or concentrations 
are low, there will be a smaller number of binding events and a lower total heat exchange. Therefore, 
if the other complexes have lower anion binding constants than 3, these interactions would only be 
detected at elevated concentrations. Unfortunately, attempts to prepare solutions of these metal 
complexes at higher concentrations resulted in precipitation during the ITC experiments, and 
therefore binding constants could not be measured. 
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2.5.3 UV/vis Titrations - Complex 4   
The arsenate binding of complex 4 was investigated by UV/vis titrations owing to the unusual results 
obtained during the displacement assay (see above). 
 Therefore a solution of arsenate was titrated into a solution of 4, and the UV/vis absorbance recorded. 
However, there was very little change in the absorbance spectrum upon addition of arsenate, as 
shown in Figure 40.  
 
Figure 40 - UV/vis spectrum of 2.5 mM complex 4 (black line) and after addition of 1 equivalent of arsenate (red line). 
Solutions were prepared in 100 mM HEPES at pH 7.5. 
Addition of pyrophosphate, expected to bind to the complex more strongly than arsenate (as it did for 
2 and 3), only induced a very small change in the absorbance spectrum. It is possible that anion binding 
did occur, but that it did not induce a change in colour of the complex. However, binding of arsenate 
and phosphate by 4 was also monitored by ITC as described for the complexes above and no 
interaction was detected. This was taken as evidence that 4 does not act as an arsenate receptor in 
solution at neutral pH. One possible reason for this is that vanadyl sulphate was used as the vanadium 
source in the synthesis of this complex, and the elemental analysis results showed that the counter 
ions consisted of one sulphate and one tetrafluoroborate. Therefore the expected formulation would 
be the two vanadyl cations being bridged by a sulphate counter-ion. It could be that this sulphate is 
bound strongly and cannot be easily displaced by other oxyanions such as arsenate. 
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2.5.4 X-ray Crystal Structure of Arsenate Bound to 3 
In order to gain further insight into the binding mode between di-zinc(II) complex 3 and arsenate, 
attempts were made to grow co-crystals of the two. A methanolic solution of 3 and Na2HAsO4·7H2O 
was prepared, and crystals were grown after slow diffusion of diethyl ether. Figure 41 shows the X-
ray structure 9 that was determined from the resulting crystals. 
 
Figure 41 - Structure of the cation present in 9. Two arsenate anions bridge between two molecules of 3. 
This structure showed clearly how arsenate co-ordinates at the zinc(II) centres of the metal complex. 
Two molecules of complex 3 are bridged by two AsO3(OMe) moieties. Each AsO3(OMe) group 
coordinates in a µ,κ2 bridging mode to Zn(1) and Zn(2) and a κ1 mode to Zn(3) and Zn(4), so the binding 
to each unit of 3 is asymmetric. The vacant co-ordination sites on Zn(3) and Zn(4) are filled with water 
molecules – these also form intramolecular hydrogen bonds to the arsenate oxygen atoms. An 
interesting aspect of this structure is the presence of carbon atoms attached to O(84) and O(94), giving 
As-O-Me, where it was expected that either hydrogen atoms or sodium ions would be present. 
Elemental analysis was carried out, and the results supported the assignment of these atoms as 
carbon. Given that Na2HAsO4·7H2O and 3 were added to the solution as pure salts, the only potential 
source of carbon atoms was the solvent (methanol). It was therefore postulated that the Lewis acidic 
metal complex was promoting the esterification of the arsenate molecule, by incorporating a methyl 
group from the solvent.   
Complexes such as this have been shown to catalyse similar transformations of phosphate groups, for 
example Selmeczi et al. used complex 3 as a structural model for phosphodiesterase and showed how 
it could catalyse the transesterification of phosphate species.109 Similar phenol bridging bi-metallic 
complexes were shown by Arora et al. to catalyse this transformation in a mixed methanol/water 
medium.115 It was found that a di-zinc(II) complex was the most efficient catalyst due to the high Lewis 
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acidity of this metal ion. Both of these studies involved transesterification of 2-hydroxypropyl p-
nitrophenyl phosphate where the leaving group that is “kicked out” is p-nitrophenol, though clearly 
such a good leaving group is not present in the case of arsenate. Co-ordination to the metal centre 
was key in promoting the nucleophilic substitution. A study of the di-cobalt(III) complex of L1 also 
showed how a co-ordinated solvent molecule could act as a nucleophile and attack the phosphorous 
centre.95 Transesterification of arsenate has been shown to occur in a different context – in the first 
step of the arsenate reductase pathway, where a protein reduces AsV to AsIII, transesterification of 
arsenate occurs with water as the leaving group and formation of the methyl ester.116 This involves a 
thiol active site in the protein rather than a metal centre. While mechanistic studies were not 
undertaken, it was possible to propose plausible mechanisms for the esterification of arsenate based 
on the above literature reports (see Scheme 3). There are few reports of formation of such arsenate 
esters, presumably this is largely due to their low stability as compared to the analogous phosphate 
species.117 
 
Scheme 3 – Plausible mechanisms of arsenate methyl ester formation, occurring (a) via co-ordinated hydroxide and (b) 
via methanol directly co-ordinated to zinc(II) ion. 
2.6 Immobilisation of Receptors onto Solid-Supports 
As receptor 3 was found to be the best arsenate binder by two independent methods (ITC and IDA) 
and the arsenate binding had been well characterised by X-ray crystallography, this complex was 
chosen to be incorporated onto a solid-support to give a new arsenate scavenging material. This first 
required that the ligand L1 be synthesised with a functional group available for reaction with a solid-
support. Various organic or inorganic solid-supports could be used for the immobilisation of a metallo-
receptor. Owing to the arsenate adsorption abilities reported for ion-exchange resins and more 
specifically polymeric ligand exchangers formed of polystyrene, two different polystyrene resins were 
selected as suitable supports for complex 3.  
2.6.1 Synthesis of Functionalised Ligand 
The synthesis of an amine functionalised analogue of L1 has previously been reported by Kwon et al.118 
As the reactive primary amine group is available for a number of possible functionalization reactions, 
and is in a position where the presence of a bound resin should not affect later anion binding (i.e. it is 
not close to the DPA arms), this compound was selected as the route to attach 3 onto a solid-support. 
(a)
(b)
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The synthetic route (Scheme 4) had minor alterations from the reported procedure. Boc protection of 
tyramine was carried out with Boc2O and triethylamine in a THF/MeOH mixture.  
 
Scheme 4 - Synthesis of amine appended ligand 12, reagents and conditions; (i)Boc2O, NEt3, THF/MeOH, RT, 24 hours  (ii) 
DPA, formaldehyde, ethanol, reflux, 5 days (iii) TFA, DCM, RT, 24 hours. 
The subsequent Mannich reaction to attach the DPA arms was low yielding (c.a. 30 %), partly due to 
difficulties in efficient purification by chromatography. After five days at reflux, the reaction mixture 
contains the desired di-substituted compound along with the mono-substituted and di-(2-picolyl)-
amine starting material. Unsurprisingly these compounds were not easily separated by silica or 
alumina chromatography, although it was possible to isolate compound 11 by a silica column with 
DCM: ethanol: triethylamine (100 : 2 : 0.1) as eluent.  Any fractions obtained which contained a 
mixture of 11 and DPA could be purified by recrystallizing from 2:1 pentane / ethyl acetate, which 
helped to improve the yield. Boc deprotection with TFA and a basic work up yielded the primary amine 
12.  
2.6.2 Immobilisation on Merrifield Resin 
Merrifield resin is a polystyrene resin with a low cross linkage % of DVB and loaded with chloro(methyl) 
functional groups, commonly used as a support during solid-phase synthesis of peptides. The ligand 
was reacted with Merrifield resin via reaction between the primary amine and the chloro(methyl) 
groups of the resin. Merrifield resin was purchased with a chlorine loading of    5.5 mmol /g. This resin 
was initially chosen as a support for 12 as work by An et al. had shown that resins with a low cross 
linkage % performed better as polymeric ligand exchangers.51 It was also chosen owing to its high Cl 
loading which it was hoped would facilitate a high loading level of 12.  
 
Scheme 5 - Functionalisation of Merrifield resin with amine 12, reagents and conditions (i) NEt3, DMF/Toluene, reflux,  
24 h (ii) Zn(NO3)2∙6H2O, 1:1 methanol / 10 mM HEPES at pH 7, shaking, 24 h. 
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The beads were refluxed in DMF/toluene with 12 and an organic base (triethylamine) for 24 hours 
(Scheme 5) and then removed by filtration and washed with methanol and acetone. Initially, 
functionalization was indicated by a colour change of the beads from white to orange-brown. 
 
Figure 42 - HPLC analysis of reaction between compound 12 and Merrifield resin – the green trace is the reaction 
solution at t=0h and the red trace after t=24h. Samples were analysed using a C18 RP-silica column with MeOH/water 
eluent containing 0.1 % Formic Acid. The large peak at Rf ~18 min is due to phenol which was used throughout as a 
reference standard. 
HPLC was used to monitor the reaction – as can be seen from Figure 42 this showed a reduction in the 
concentration of 12 in solution over time, but also suggested that the reaction was not ‘clean’, i.e. 
there are side products that form in solution as the reaction progresses. Elemental analysis of the 
Merrifield resin and the subsequent functionalised beads showed that the initial resin contained no 
nitrogen (as expected) and the functionalised beads had a nitrogen content of 6.59%, which 
corresponds to a ligand uptake of 0.672 mmol g-1. The ligand uptake was also calculated based on the 
increase in dry weight of the resin. This method was in good agreement with the elemental analysis, 
showing a ligand uptake of 0.667 mmol g-1. Given that the loading of the resin was 5.5 mmol g-1 Cl, the 
attachment of the ligand was quite inefficient (c.a. 10% reacted). 
2.6.3 Immobilisation on HypoGel Resin 
The reaction of 12 with Merrifield resin was found to be quite inefficient, and subsequent issues during 
the loading of zinc(II) led to another polystyrene resin with different properties being tested. This 
resin, named HypoGel, was purchased loaded with 0.9 mmol /g of succinic acid – these functional 
groups are attached to the polymer via PEG linkers. The presence of the PEG linkers gives HypoGel 
more hydrophilic character than standard polystyrene resins, i.e. swelling of the resin occurs in polar 
solvents and even in water. This should prove advantageous in the synthetic route and also during the 
later arsenate scavenging experiments. Amide coupling conditions were employed to attach amine 12 
to the resin. 
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Scheme 6 - Functionalization of HypoGel resin via amide coupling, reagents and conditions (i) EDCI·HCl, HOBt, NEt3, DMF, 
RT, shaking, 48 hours (ii) Zn(NO3)2·6H2O, 10 mM HEPES at pH 7, shaking, 24 hours. 
The beads were shaken in a syringe with 12 and standard amide coupling reagents for 48 hours 
(Scheme 6). After removal of the reaction solution through the syringe frit, the beads were washed 
with DMF, DI water, methanol, DCM and ether. An advantage of using an amide coupling was that the 
reaction proceeded cleanly and efficiently at room temperature, so very little side reaction or 
decomposition of 12 was observed in the HPLC trace (Figure 43).  
 
Figure 43 - HPLC analysis of reaction between 12 and Hypogel resin – the green trace is the reaction solution at t=0h and 
the red trace after t=24h. The blue trace is the reaction before addition of amine i.e. just the coupling agents. Samples 
were analysed on a C18 RP-silica column using a MeOH/water eluent containing 0.1 % Formic Acid. The large peak at Rf 
~18 min is due to phenol which was used throughout as a reference standard. 
The ligand uptake was determined from the increase in dry weight of the beads. Ligand loading was 
around 0.3 mmol /g and was quite consistent over six separate reactions, with an average value of 
0.35 mmol / g and a standard deviation of 0.05. This coupling was more efficient than loading to 
Merrifield resin, with c.a. 40% sites reacted. 
2.6.4 Zinc Loading to Functional Resins 
PV was employed as a colorimetric zinc indicator, in order to quantify the zinc content of the initial 
and final solutions and thus determine the quantity of zinc that was loaded onto the resin. A zinc 
standard was prepared by dissolving zinc nitrate in 10 mM HEPES at pH 7 – this was then added in 
aliquots to a solution containing 100 µM PV and the UV/vis absorbance recorded after each addition. 
A plot of absorbance at 605 nm vs zinc concentration gave the straight line shown in Figure 44 which 
could be used as a calibration curve to determine the unknown concentration of zinc in the reaction 
solutions. 
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Figure 44 - (a) UV/vis absorbance spectra obtained upon addition of Zn(NO3)2 to a solution of 100 µM PV in 10 mM 
HEPES at pH 7, and (b) calibration line obtained by plotting absorbance vs zinc concentration. 
These were determined by mixing an aliquot of the reaction solution with 100 µM PV and recording 
the absorbance at 605 nm. 
Zn-Merrifield 
Due to the hydrophobic nature of the polymer scaffold, the zinc loading had to be carried out in a 1: 
1 methanol / water mix, with swelling of the resin in pure methanol before addition of the zinc 
solution.  After shaking the beads with the zinc solution for 24 hours, the zinc concentration in the 
final solution was determined using PV indicator as described above. The zinc loading to this resin was 
repeated multiple times, and the results were varied. For example, during some experiments no 
loading of zinc was observed, but in others reasonably high (> 1 mmol g-1 Zn) loading occurred. This 
variation made it difficult to be confident in the calculated zinc loading values and coupled with the 
inefficient ligand led towards the conclusion that this is not a reliable route to synthesis of a suitable 
arsenate adsorbent. 
Zn-HypoGel-50 
The functionalised HypoGel resin was reacted with zinc(II) nitrate in aqueous solution at pH 7 
(buffered with HEPES). The more hydrophilic character of HypoGel meant that the resin could swell in 
water. The zinc concentration in the reaction solution was quantified after 24 hours of shaking. The 
loading was consistent over five loading reactions, with an average uptake of 0.37 mmol Zn g-1. As 
each ligand site is capable of binding two zincs, it was expected that the zinc loading would be equal 
to twice the ligand loading. Here, the zinc loading was equal to the ligand loading, i.e. 50 % of that 
expected. Therefore the resulting material was named Zn-HypoGel-50. In this case the exact nature of 
the loading was not clear – for example, it could be that each ligand site had one zinc(II) co-ordinated, 
or that 50 % of sites had two zincs and 50 % had none, or a mixture of these. However, Zn-HypoGel-
50 was used in the arsenate adsorption experiments detailed in Chapter 4.  
Zn-HypoGel-90 
Functionalised HypoGel resin was also reacted with zinc(II) nitrate for an extended reaction time – the 
process of shaking with zinc(II) solution for 24 hours was repeated three times (total reaction time of 
72 hours). After each 24 hour reaction, a fresh zinc loading solution was added, therefore maintaining 
a high zinc concentration in solution. The zinc concentration after each 24 hour period was quantified, 
and it was found that repetition of the loading reaction substantially increased the zinc content of the 
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resin. A zinc of content of 0.46 mmol Zn g-1 was achieved, corresponding to 91% of the ligand sites 
being filled with two zinc cations each. This gave much greater confidence that all of the ligand sites 
coordinated two zinc(II) cations, thus giving the same formulation of 3 that was studied in solution. 
2.7 Di-metallic Receptors - Conclusions 
A range of di-metallic chemical receptors were synthesised and fully characterised, and two 
independent solution phase methods were used to evaluate the anion binding properties of each 
complex.  
IDAs showed that di-zinc(II) complexes 3 and 7 were the best anion receptors, with both binding 
arsenate and phosphate in favour of sulphate. 
ITC could only detect binding of arsenate and phosphate by complex 3, which therefore had the 
highest arsenate affinity of all the complexes studied. Binding of arsenate or phosphate was not 
detected for any of the di-copper(II), nickel(II) or vanadyl complexes. 
An X-ray crystal structure of zinc complex 3 with arsenate bound (the first showing arsenate bound to 
a metallo-receptor) revealed the details of the binding mode.  
Subsequently, this receptor was immobilised onto two polystyrene resins, Merrifield and HypoGel. 
The functionalization of the HypoGel resin was much more reliable and reproducible that of the 
Merrifield polymer. Two functionalised HypoGel resins with different zinc(II) contents were 
synthesised and later tested as arsenate adsorbents. 
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Chapter 3 – Boronic Acids as Arsenate 
Receptors  
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3. Boronic Acid Receptors 
3.1 Boronic Acid Arsenate Receptors - Overview 
This section describes the synthesis and characterisation of two novel multi-functional metallo-
receptors containing both transition metal (Cu2+ and Zn2+) and boronic acid binding units. The oxyanion 
binding properties of these complexes were investigated by determination of binding constants using 
Isothermal Titration Calorimetry (ITC) and UV-visible spectroscopic titrations. NMR spectroscopic 
studies were also carried out in order to elucidate the binding mode between the zinc(II) receptor and 
arsenate in aqueous solution.  
3.2 Background - Boronic Acids as Oxyanion Receptors 
Compounds containing boronic acids have had considerable interest as chemical receptors for 
biomolecules and small anions, as highlighted in recent reviews by Whyte et al.,119 Nishiyabu et al.,120, 
121 and Guo et al.,122 as well as book chapters by James123 and Fossey.124 The most commonly exploited 
interaction in boronic acid receptor chemistry is the ability to form strong but reversible bonds with 
diols, especially those found in saccharides.123, 125 However, the boronic acid group is also capable of 
acting as a mild Lewis acid and can therefore interact with anions. The Lewis acidic properties of 
boronic acids arise from the presence of an empty p-orbital on the boron atom, which sits orthogonal 
to the R-B-O bonds. This orbital can accept an electron pair forming a dative bond and resulting in a 
change from sp2 to sp3 orbital hybridisation, and therefore a change from trigonal planar boronic acid 
to tetrahedral boronate anion as shown in Figure 45(a). The stability of the boronate anion is increased 
markedly by the presence of electron withdrawing substituents on the aromatic ring.125 
 
 
Figure 45 – (a) Lewis acidity of phenyl boronic acid in water125 and (b) interaction between phenyl boronic acid and 
phosphate.126 
While boronic acid receptors for hard anions such as F- and CN- have been widely reported, there are 
relatively few examples of direct bonding between boronic acids and oxyanions.120 Bosch et al. 
reported a log K value of 1.3 for the interaction between phenyl boronic acid and HPO42- as shown in 
Figure 45(b).126 
(a)
(b)
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A multi-functional receptor composed of a zinc(II)-DPA moiety linked to phenyl boronic acid was 
reported by Nonaka et al. and is shown in Figure 46.127 Previous work by Kubo et al. had shown that 
binding of alizarin red S (ARS) dye by phenyl boronic acid resulted in an anion selective fluorescent 
system, where the fluorescent response correlated with anion basicity (AcO- > F- > Cl-).128 The 
fluorescence of the bound ARS dye was enhanced by the formation of the boronate anion. Zinc(II)-
DPA was then incorporated in order to achieve a sensor for phosphates. In the absence of anion this 
receptor bound ARS dye through the zinc(II) centre resulting in a quenching of fluorescence. Upon 
addition of pyrophosphate, the dye was displaced from the zinc(II) site and was bound at the boronic 
acid. The boronate anion was formed and an increase in fluorescence occurred. This system was 
selective towards pyrophosphate over monophosphate which presumably cannot bind in the 
necessary ditopic manner due to its smaller size. Ditopic binding of pyrophosphate was further 
demonstrated by upfield shifts in the 1H NMR spectroscopic signals of the  ArH protons and downfield 
shift of the Py-CH2 peaks. The binding constant for pyrophosphate was determined to be (1.6 ± 0.04) 
x 106 M-1. This compound was also used in a displacement assay for the detection of phosphosugars.129 
 
Figure 46 – Structure of zinc(II) / boronic acid receptor and proposed assembly formed with pyrophosphate and alizarin 
red dye.127 
Another zinc(II) / boronic acid-based receptor was reported by Zhang et al.130 This compound was also 
used in a displacement assay with ARS dye which could bind at both the boronic acid and the zinc(II) 
centre. Two separate bands due to ARS binding at each site were observed in the emission spectrum. 
Addition of simple sugars resulted in displacement of ARS from the boronic acid site only, and a 
reduction in one emission band. However phosphosugars displaced ARS from both sites inducing a 
reduction in both emission bands, and could therefore be distinguished from simple sugars. 
Interestingly addition of pyrophosphate to this assembly induced a fluorescence enhancement (as 
reported by Nonaka et al.) suggesting that the anion was bound by the receptor in a ditopic manner 
with formation of boronate as shown in Figure 47. 
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Figure 47 – Structure of zinc(II) / boronic acid receptor and proposed assembly with pyrophosphate and alizarin red 
dye.130 
A receptor for anionic sugars containing a cadmium(II) centre and three boronic acid groups was 
reported by Zhang et al.131 and used to construct a gluconic acid selective displacement assay.132 The 
function of the cadmium(II) cation is to hold the tripodal structure in the correct geometry for binding 
to sugars which occurs through each of the three boronic acids, and to increase overall affinity for 
anionic sugars by virtue of its positive charge. 
Examples of receptors that bind anions ditopically through a metal cation and a boronic acid are rare. 
Currently there are no reports of such receptors binding to arsenate. Therefore it was interesting to 
determine whether arsenate could bind to boronic acids and to probe the nature of this interaction. 
Of particular interest was whether such receptors would interact in a selective manner towards 
arsenate. Di-zinc(II) complex 3 had demonstrated good arsenate affinity but no receptors based solely 
on metal coordination with arsenate have shown selectivity between arsenate and phosphate. 
However the nature of boronic acid: arsenate coordination has not been studied previously. In order 
to bind arsenate effectively, the two binding sites should be close enough in the receptor that they 
can be bridged by one molecule of arsenate. The complexes shown in Figure 48 were designed during 
this project as potential arsenate receptors.  
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Figure 48 – Structure of boronic acid ligand L3 and corresponding metal complexes 13 and 14. 
3.3 Aims and Objectives 
The aim of the work described in this section was to quantify the arsenate binding properties of 
chemical receptors containing both metal and boronic acid binding sites, and to determine whether 
such compounds could act as arsenate receptors with high affinity or selectivity. 
The specific objectives required to reach this aim were as follows: 
i) To synthesise and fully characterise a series of chemical receptors containing both metal 
cation and boronic acid binding sites. 
ii) To determine oxyanion binding constants using calorimetric and spectroscopic methods, 
and to find out whether the receptors showed selectivity between oxyanions. 
iii) To elucidate the binding mode between the receptors and arsenate. 
3.4 Synthesis and Characterisation of Complexes 13 - 14 
3.4.1 Synthesis and Characterisation of Ligand L3 
During the design of complexes 13 – 14 it was found that ligand L3 had previously been synthesised by 
Aoki et al.133 Therefore the synthetic procedure was followed with some minor adjustments. 
 
Figure 49 – Synthetic route to ligand L3, reagents and conditions (i) Boc2O, NEt3, dry THF, RT, 24 hours (ii) 3-
bromomethyl-phenylboronic acid, Na2CO3, dry MeCN, reflux, 22 hours (iii) TFA, DCM, RT, overnight. 
Tri Boc-protected cyclen (15) was prepared by stirring cyclen with triethylamine under a nitrogen 
atmosphere, followed by slow addition of Boc-anhydride. In a slight modification to the procedure 
described by Wan et al., THF was used as solvent.134  The compound was obtained following silica 
chromatography with an improved yield of 89 %. The 1H NMR spectrum of the resulting product was 
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consistent with literature, particularly the observed splitting of the Boc protons into one 9H and one 
18H environment. The formulation of 15 was confirmed by ESI+ mass spectrometry that displayed a 
molecular ion peak at m /z 473 a.m.u. 
3-(bromo-methyl)-phenyl boronic acid was then coupled to 15 following the procedure reported by 
Aoki et al.133 Tri-boc cyclen was refluxed with Na2CO3 in dry acetonitrile, followed by addition of the 
bromo- boronic acid. After 22 hours the reaction was filtered and the solvent removed. The reported 
purification conditions of 3: 2 hexane / ethyl acetate on silica were used initially. Although this did 
yield a small amount of the desired product, more polar conditions (up to 15 % methanol in ethyl 
acetate) were required to completely elute compound 16 from the column – it is well known that 
boronic acids can interact strongly with silica causing difficulties with elution. Product formation was 
confirmed by 1H NMR spectroscopy in CD3OD which showed the characteristic singlet at 3.8 ppm which 
can be assigned to the Ar-CH2 protons. The peaks in the aromatic region appeared as complex 
multiplets – this is presumably due to slow interchange of conformations of the sterically hindered 
Boc-protected cyclen ring. A molecular ion peak at m/z 607 a.m.u in the ESI+ mass spectrum was 
consistent with formation of 16. 
The final step to reach L3 was removal of the Boc protecting groups with trifluoroacetic acid. 
Compound 16 was stirred in 40 % TFA in DCM overnight. The volatiles were then removed and the 
resulting residue was used in the subsequent complexation step without further purification. 1H NMR 
spectroscopy confirmed that L3 had been formed – the aromatic proton signals were more clearly 
resolved reflecting the less hindered nature of the cyclen ring following removal of the Boc groups, 
i.e. any conformational changes occur faster than the NMR timescale. Aoki et al. reported assignment 
of the NMR spectra of this compound in D2O at pD 9.2 and NMR spectra were also recorded under 
basic conditions here – an increase in pD resulted in a clearer resolution of the aromatic proton signals. 
Unambiguous assignment of these protons was obtained using 1H – 13C HMBC NMR spectroscopy 
(expansion shown in Figure 50). Additional confirmation of compound formation was given by a 
molecular ion peak at m/z 307 a.m.u in the ESI+ mass spectrum. 
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Figure 50 – Expansion of ligand L3 HMBC NMR spectrum. Ha could be assigned as such owing to the fact that it did not 
show a cross peak with Ce. 
 
3.4.2 Synthesis and of Metal Complexes 13 and 14 
The conditions for metal complexation to L3 were similar to the conditions described in the previous 
section for L1. 
 
 
Figure 51 – Synthesis of metal complexes 13 and 14, reagents and conditions (i) NEt3, M(NO3)2·xH2O, methanol, reflux, 2 
hours. 
Ha
Hb H
c
Hd
Ce
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L3 was stirred in methanol with triethylamine. Following dropwise addition of a methanolic solution 
of the desired metal nitrate salt the solution was heated at reflux for two hours. After cooling and 
removal of solvent, the complexes were precipitated by addition of diethyl ether to concentrated 
methanolic solutions. Filtration and washing with cold ethanol yielded the desired products. 
Formation of the paramagnetic copper(II) complex 13 was confirmed by ESI+ mass spectrometry (m / 
z = 431 a.m.u) and elemental analysis. Formation of the zinc(II) complex was also confirmed by 1H 
NMR spectroscopy, with downfield shifts of all the aromatic signals and the CH2 singlet (He) relative to 
the ligand. 
 
3.5 Anion Binding Studies 
3.5.1 Isothermal Titration Calorimetry 
Zinc(II) Complex 14 
ITC was used to determine the binding constants of both complexes with arsenate, phosphate and 
sulphate. Figure 52 shows the raw data and the binding curves thus obtained. 
 
Figure 52 - Raw ITC data and integrated binding curve obtained upon titrating (a) 30 mM Na2HAsO4·7H2O and (b) 30 mM 
Na2HPO4 into a calorimetric cell containing 2 mM 14. In both cases 20 x 5 µL injections were made with a 300 s spacing. 
All solutions were prepared in 100 mM HEPES at pH 7.5. 
Initially, these experiments were carried out at the same concentrations and conditions used for di-
zinc(II) complex 3, i.e. 0.2 mM complex titrated with 3 mM anion. However, no binding was detected 
showing that complex 14 is a lower affinity oxyanion receptor than complex 3. The titrations were 
then repeated at elevated concentrations (2 mM 14 and 30 mM anion) and the binding data shown in 
Figure 52 was obtained. As shown in Table 5 the binding constants thusly determined for arsenate and 
phosphate are very similar. This means that complex 14 does not show selectivity between arsenate 
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and phosphate as hoped. However, no binding was detected during titration of sulphate even at the 
elevated concentrations, so 14 is at least selective towards arsenate and phosphate over other similar 
oxyanions. 
Copper(II) Complex 13 
Binding of arsenate, phosphate and sulphate by complex 13 was not detected during ITC experiments, 
even at initial complex concentrations of 2 mM. This indicated that 13 had a lower affinity for 
oxyanions than complex 14 and therefore another method for determination of binding constants was 
sought. 
 
3.5.2 UV-visible Spectroscopic Titrations 
As mentioned above, copper(II) complex 13 has a deep-blue colour, with a molar extinction coefficient 
of 400 M-1 cm-1 in 100 mM HEPES buffer at pH 7.5. Therefore it was interesting to investigate whether 
any colour change occurred upon addition of oxyanions so that it could be used to determine anion 
binding constants. 
Figure 53 (a) shows the UV-vis spectrum of 13 and the change that occurred upon addition of arsenate. 
There is a small shift in the UV-vis spectrum caused by arsenate binding. A similar effect was observed 
for phosphate, and no change was seen when adding sulphate. Interestingly, pyrophosphate induced 
a much a larger shift in the UV-vis spectrum – this can be seen in Figure 53 (b) which shows the change 
in absorbance observed with increasing anion concentration. 
 
Figure 53 – Plot of (a) absorbance spectra of 13 upon addition of arsenate and (b) change in absorbance at 595 nm upon 
addition of oxyanions in 100 mM HEPES at pH 7.5. 
These binding curves were fit using a 1:1 binding isotherm and binding constants were determined 
(shown in Table 5). As expected from the ITC results, the arsenate and phosphate binding constants 
for 13 are one order of magnitude less than those found for zinc(II) complex 14. Again, no binding was 
observed in the case of sulphate.  
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Table 5 – Binding constants determined for complexes 13 and 14 with oxyanions.  
 Complex 13 (KUV-vis) Complex 14 (KITC) 
Arsenate (1.36 ± 0.75) x 102 M-1 (2.82 ± 0.48) x 103 M-1 
Phosphate 59.90 ± 3.68 M-1 (3.05 ± 0.77) x 103 M-1 
Sulphate * * 
* = no binding detected. 
Given the very low affinity constants found for this complex, the titrations were repeated with a lower 
buffer concentration to find whether this could be inhibiting interaction between 13 and anions. 
Titration of 13 with pyrophosphate was also carried out as it was expected that binding of this anion 
would be stronger than arsenate and mono-phosphate therefore this would show clearly the spectral 
change that occurs upon binding. 
The binding constants obtained at each buffer concentration are shown in  
 
 
 
Table 6 and clearly the binding constants were greater in 10 mM HEPES than 100 mM HEPES. Figure 
54 shows the change in absorbance observed upon titration of 13 with pyrophosphate at each buffer 
concentration. However, even at reduced buffer concentration the results still demonstrate that 
copper(II) complex 13 is a poorer oxyanion receptor than zinc(II) complex 14. 
 
Figure 54 – Plot showing change in absorbance at 595 nm upon titration of 6.25 mM 13 with pyrophosphate in two 
different HEPES buffer concentrations at pH 7.5. 
Interestingly, although the overall binding constants between 13 and oxyanions are lower than for 14, 
the binding constant between 13 and arsenate was slightly greater than that of 13 and phosphate in 
100 mM HEPES. Therefore although this particular complex has an affinity that is too low to be 
effective in remediation or sensing, further study of boronic acid / copper(II) bifunctional receptors 
for arsenate is warranted.  
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Table 6 – Binding constants determined for 13 and oxyanions at two different HEPES buffer concentrations at pH 7.5.  
Oxyanion K10mM (M-1) K100mM (M-1) 
Arsenate (2.01 ± 0.46) x 102 (1.36 ± 0.75) x 102 
Phosphate (1.51 ± 0.45) x 102 59.90 ± 3.68 
Pyrophosphate (2.04 ± 0.41) x 103 (5.80 ± 1.35) x 102 
Sulphate * * 
* = no binding detected 
3.5.3 NMR Spectroscopic Studies 
Although neither of these complexes displayed the desired arsenate / phosphate selectivity, and 
showed lower arsenate affinity than di-zinc(II) complex 3, it was still of interest to find out whether 
they were binding arsenate through both the boronic acid and metal cation groups given that boronic 
acid receptors for arsenate have not been previously reported. 
Initially, NMR spectroscopic titrations were also intended to provide a second independent method 
for determination of anion binding constants. To that end, complex 14 was dissolved in D2O (adjusted 
to pD 7.5) and titrated with a D2O solution of sodium arsenate and the chemical shifts in the 1H NMR 
spectrum were monitored. However a simple binding curve was not obtained upon addition of 
arsenate to complex 14. First of all, addition of arsenate caused an upfield shift and slight broadening 
of all the aromatic proton signals and a slight upfield shift of He. As the concentration of arsenate was 
increased above 0.5 equivalents (relative to 14) the aromatic proton signals then shifted downfield, 
and the He singlet also shifted downfield. The titrations were repeated in D2O buffered with 10 mM 
HEPES to ensure that these changes were not due to changes in the pH. 
 
Figure 55 – Plot showing change in chemical shift for two different protons of 14 upon addition of arsenate. Titration 
carried out in D2O buffered with 10 mM HEPES. 
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Figure 55 shows the changes in chemical shift for Hb ( ArH singlet) and He (Ar-CH2). The initial upfield 
shift of Hb is consistent with boronate ester formation. Subsequent downfield shift to a δ value 
intermediate between the starting complex and the species formed at 0.5 equivalents arsenate could 
suggest some loss of boronate character as arsenate concentration increases. However overall, the 
ArH protons remain upfield of the initial chemical shift of the naked complex.  
He initially shifts slightly upfield which is also consistent with boronate ester formation. The fact that 
He then shifts downfield (consistent with strong ligand binding to the metal centre) after 0.5 
equivalents of arsenate is added could imply that the zinc(II) centre is not involved in binding at low 
concentrations.  
Figure 56 shows clearly the changes in the 1H NMR spectrum. Similar chemical shifts were also 
observed upon titration of 14 with phosphate implying that both anions interact with this complex 
through the same binding mode. 31P NMR spectroscopy was used as an additional confirmation of 
anion binding (see Appendix). The observation of such 1H NMR chemical shift changes does not appear 
to have been reported previously although 1H NMR spectroscopic studies of boronic acids interacting 
with oxyanions are themselves rare. 
 
Figure 56 – 1H NMR spectra (aromatic region) of (i) complex 14, (ii) complex 14 upon addition of 0.5 equivalents arsenate 
and (iii) complex 14 upon addition of 3 equivalents arsenate. Solutions prepared in D2O adjusted to pH 7.5 with NaOD.  
DOSY NMR Spectroscopy 
Given that unexpected chemical shift changes had been observed upon titration of 14 with arsenate, 
further NMR spectroscopic studies were carried out in order to try and unpick the nature of this 
interaction. From the data shown in Figure 55 it could be considered that there are two separate states 
in solution, with the change between the two states in solution taking place with 0.5 equivalents of 
arsenate added. At this concentration the ratio between 14 and arsenate was 2:1 which led to the 
(i)
(ii)
(iii)
 81 
 
consideration that a dimeric species was formed. This possibility of dimer formation was therefore 
investigated by carrying out DOSY NMR spectroscopy. 
1H DOSY NMR spectroscopy is a 2D NMR technique that correlates 1H NMR spectra with the diffusion 
coefficient of species in solution, and has been used to compare the size of metal complexes in 
solution.138, 139, 140 Diffusion is related to the size, shape, mass and charge of individual molecules as 
well as the surrounding environment in solution.141 Species with larger diffusion constants diffuse 
faster in solution i.e. have a smaller radius and / or molecular weight. 
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Figure 57 – 1H DOSY NMR spectra of (a) complex 14, (b) complex 14 + 0.5 eq arsenate, (c) complex 14 + 3 eq arsenate and 
(d) the three spectra superimposed. The diffusion constants, D in m2 s-1, are plotted in a logarithmic scale against the 
chemical shift, δ, in ppm. 
1H DOSY NMR spectra of 14 in D2O and in the presence of 0.5 and 3 equivalents of arsenate were 
recorded and are shown in Figure 57 – the measured diffusion constants are listed in Table 7. It was 
found that the species in solution at 0.5 eq. of arsenate had the smallest diffusion constant i.e. was 
the largest molecule. The species formed at 3 eq. had a diffusion constant intermediate between the 
other two i.e. was larger than the initial complex but smaller than the species at 0.5 equivalents. 
Together with the 1H NMR spectroscopic signal shifts at the relevant stoichiometries, this could 
indicate that at low arsenate concentration a  complex with a 2: 1 ratio of 14: arsenate is formed, 
shifting to a smaller 1: 1 complex as the arsenate concentration increases.  
Table 7 – Measured diffusion constants for complex 14 in the presence of arsenate. 
Species present Diffusion Constant (m2 s-1) 
14 3.93 x 10-10 
14 + 0.5 eq arsenate 3.43 x 10-10 
14 + 3 eq arsenate 3.61 x 10-10 
 
Titration of L3 
Ligand L3 was titrated with arsenate to determine if this compound was capable of interacting with 
arsenate in a similar way to the zinc(II) complex. As shown in Figure 58, very little change occurred in 
the ligand spectrum with only a slight upfield shift observed for each proton. 
This shows that the zinc(II) cation is necessary for anion binding to occur. However, the 1H NMR 
spectroscopic titrations of 14 implied that the boronic acid was strongly involved in binding arsenate 
at low concentrations. This could be explained by reference to the effect of phenyl boronic acid 
substituents on the Lewis acidity of the boronic acid group (i.e. the stability of boronate species). Co-
ordination of zinc(II) to the cyclen ring should increase the electron withdrawing property of this 
substituent, therefore the boronic acid of the zinc(II) complex is potentially much more able to form 
Lewis acid-base interactions with oxyanions than that of the ligand. A pKa value of 8.2 was reported 
for the boronic acid of L3 by Aoki et al.133 The electron withdrawing properties of the zinc(II) centre 
should reduce this value for complex 14 therefore making interaction with oxyanions at pH 7.5 more 
favourable for the metal complex. 
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Figure 58 – (a) Aromatic region 1H NMR spectra of ligand L3 upon titration with arsenate and (b) change in chemical shift 
of aromatic singlet B. Solutions of each were prepared with 10 mM HEPES in D2O adjusted to pH 7.5 with NaOD. 
NMR Spectroscopy - Summary 
The 1H NMR spectra suggest that different species are present in solution below 0.5 equivalents of 
arsenate and above 0.5 equivalents and that the aromatic ring protons are strongly affected by the 
interaction at low concentration of arsenate. 
This lead first to the possibility that a 14: arsenate bridged dimer forms in a 2: 1 ratio at low arsenate 
concentration. This proposition was supported by DOSY NMR results, which showed that the species 
present at 0.5 equivalents of arsenate diffused more slowly than complex 14. The diffusion of the 
species present at higher arsenate concentration (3 equivalents) was intermediate between the two, 
suggesting the final species is of intermediate size. 
The chemical shifts of the aromatic ring protons were most strongly affected by the addition of 
arsenate, suggesting that interaction with the boronic acid group occurs. The upfield shift of these 
protons is consistent with the formation of a boronate species. As the arsenate concentration 
increases, the  ArH signals shift back downfield. One explanation for this is that at higher concentration 
the arsenate interacts with the zinc(II) cation – this could reduce the electron density on the arsenate 
and thus reduce the electron density that is donated to the boron, resulting in a reduction in the 
overall upfield shift. The Ar-CH2 signal is also affected by the addition of arsenate, shifting slightly 
upfield at low concentration and then significantly downfield above 0.5 equivalents of arsenate. This 
again implies that arsenate only significantly co-ordinates to the zinc(II) centre above this 
stoichiometry. 
Titration of ligand L3 with arsenate caused only a very small shift in the 1H NMR spectrum, i.e. the 
zinc(II) is required for binding to take place. It is expected that the boronic acid of the metal complex 
would be more Lewis acidic than that of the ligand due to the electron withdrawing effect of the zinc(II) 
cation. Given the changes observed in the NMR spectroscopy experiments described above, a 
proposed concentration dependent interaction between complex 14 and arsenate is shown in Figure 
59. 
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Figure 59 – Proposed concentration dependent interaction between zinc(II) complex 14 and arsenate at pH 7.5. 
 
3.6 Boronic Acid Receptors - Conclusions 
Two novel bifunctional metallo-receptors were synthesised and fully characterised. Oxyanion binding 
studies were carried out in aqueous solution and it was determined that both the zinc(II) and the 
copper(II) complex were selective towards arsenate and phosphate over sulphate. 
Copper(II) complex 13 displayed a slight preference towards arsenate and therefore such ditopic 
copper(II)/boronic acid containing receptors may be worthy of further investigation. For both series 
of receptors reported in this Thesis zinc(II) complexes bound arsenate and phosphate more strongly 
than copper(II) complexes. The majority of metal complexes reported in literature as phosphate 
receptors are based around zinc(II) although there is a lack of data directly comparing complexes of 
different metals with the same ligand.68 Zinc(II) has often been favoured for use in receptors for 
practical reasons as it does not quench fluorescence, is redox inactive and is diamagnetic thereby 
allowing NMR spectroscopic analysis.135,136 Copper(II) has been used when fluorescent quenching is 
desired and may also form complexes that undergo a colour change upon anion binding.136 Although 
zinc(II), copper(II) and nickel(II) are considered to be ‘borderline’ Lewis acids zinc(II) is a slightly harder 
cation.137 This could explain the stronger interaction observed between zinc(II) and arsenate / 
phosphate oxyanions as these are hard Lewis bases. 
1H NMR spectroscopic studies suggested that complex 14 interacted with arsenate through different 
binding modes depending on the anion concentration. Together with DOSY NMR spectroscopy these 
results were used to propose formation of an arsenate bridged dimer at low arsenate concentration 
and a 1: 1 ditopic arsenate: 14 complex at higher levels of arsenate. 
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Chapter 4 – Arsenate Adsorption Studies 
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4. Arsenate Adsorption Studies 
4.1 Overview 
The following chapter discusses the use of the functional material Zn-HypoGel (the synthesis of which 
was presented in Chapter 2) as an arsenate adsorbent. First the implementation and validation of an 
electrochemical method for determination of trace arsenic is described. Batch-mode arsenate 
adsorption experiments were then carried out to determine adsorption properties of the new material 
under a range of conditions. The results of these were compared with those obtained using a 
commercially available iron oxide based adsorbent (Bayoxide E33). The potential to regenerate and 
re-use Zn-HypoGel following arsenate adsorption was also studied, and lastly the ability of this new 
sorbent to uptake arsenate in a flow-through column system was investigated. 
4.2 Background 
4.2.1 Adsorption Isotherms 
An adsorption isotherm describes the relationship between the adsorbate dissolved in solution and 
that at the solid surface at equilibrium, which is strongly affected by experimental variables such as 
temperature, pH, the solution composition and the solid: solution ratio.142 Isotherms can be 
interpreted using a range of models and thus used to predict adsorption parameters and to make 
comparisons between different sorbents or experimental conditions.143, 144 The data may fit well to 
more than one model and so it is important to carefully select a model where the underlying 
assumptions are appropriate for the system being studied. One of the simplest and most commonly 
used isotherm models is the Langmuir model.145 This model assumes that all of the adsorption sites 
on the solid are identical, that each site binds one molecule of adsorbate and that there is no 
interaction between the adsorbate molecules at the surface.142 Consequently, there is a defined 
maximum adsorption capacity – the point at which all of the sites are filled and no more adsorption 
can occur. In the context of arsenic remediation from water, maximum adsorption capacity (usually 
reported in terms of mg As adsorbed g-1 of adsorbent) is an important parameter for assessing 
adsorption performance and so the Langmuir isotherm provides a convenient tool for the quantitative 
comparison of different adsorbents (for example in the review by Mohan et al.).17  
Another commonly used adsorption model is the Freundlich isotherm, which has been used to 
describe arsenic adsorption by Bayoxide E33, a commercially available iron-oxide adsorbent.144,146 In 
contrast to the Langmuir isotherm this model does not assume a maximum capacity i.e. multilayer 
adsorption can take place and the adsorption sites are not identical.  
In many cases, isotherm data is fit to both models so that the fit may be compared. For example, Lu 
et al. described the adsorption of phosphate by a titanium dioxide / iron oxide bicomposite and found 
that the isotherm correlated well with both Langmuir and Freundlich models.147 Maiti et al. reported 
a modified laterite AsV adsorbent and determined that the isotherm data fit both models well and that 
the fit to the Langmuir model was slightly better.148 The adsorption isotherm of AsIII on alumina was 
shown to fit well to both Langmuir and Freundlich models by Singh et al.149 Zhuang et al. reported an 
adsorbent formed of hydrous ferric oxide incorporated onto activated carbon.150 The AsV adsorption 
isotherm fit well to both models however the Langmuir parameters obtained were spurious. The 
authors suggested that this was due to the heterogeneity of the adsorption sites as the Langmuir 
model assumes that all sites are identical, but the Freundlich model does not. Guo et al. fit AsV 
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adsorption isotherms for a siderite-based sorbent to both Langmuir and Freundlich models.151 It was 
found that the data fit the Langmuir model better at low temperature (15 – 25 °C) and the Freundlich 
at high temperature (35 – 45 °C). Therefore it was suggested that adsorption occurred by monolayer 
formation at low temperature and that a multilayer formed when temperature was increased. 
Magnetic nano-particles loaded with arginine and lysine were used as AsV adsorbents by Zhang et al.152 
The adsorption isotherms fit both the standard Langmuir and Freundlich isotherms well however the 
best fit was obtained for the two-sites Langmuir model. This was presumably because AsV could be 
adsorbed either by binding to the immobilised amino acids or directly to the iron nanoparticle surface. 
LeMire et al. reported AsV adsorption isotherms for an Fe-loaded IX resin and Bayoxide E33 iron oxide 
sorbent.153 Although the data fit well to both Freundlich and Langmuir models only the Langmuir plots 
were reported, as the IX resin had a fixed number of adsorption sites and so it was known that 
saturation would occur upon monolayer formation. 
Polymeric Ligands Exchange (PLE) type adsorbents (described in detail in Chapter 1) consist of a 
chelating resin loaded with transition metal ions.154 Each of these metal ions acts as a well-defined 
adsorption site, and the number of sites is known. This means that the Langmuir model is more 
appropriate to describe the adsorption of arsenic by PLEs and therefore was employed during this 
project. 
4.2.2 Application of Adsorbents 
While the adsorption isotherm and Langmuir parameters provide important information about 
potential arsenic adsorbents, it is vital that such materials are tested under realistic conditions, i.e. at 
low initial As concentrations, with competing ions present in solution and ideally near natural pH.  
Firstly, as has been noted elsewhere, it is entirely possible that two materials could display the same 
arsenic capacity but show very different behaviour at low concentrations, perhaps due to a difference 
in affinity or accessibility of sorption sites.24 For example, LeMire et al. compared AsV adsorption by 
an iron-impregnated ion exchange resin (named PWX5) with that of an iron oxide based adsorbent 
(Bayoxide E33).153 It was found that Bayoxide E33 had a higher arsenate capacity than PWX5 (9.54 mg 
g-1 vs 7.31 mg g-1) i.e. it adsorbed more arsenate per gram of sorbent. However, when the data was 
normalised to the iron content of each material it was found that PWX5 adsorbed 34 mmol As / mol 
Fe while Bayoxide E33 adsorbed 11.3 mmol As / mol Fe. This implies that the adsorption sites of PWX5 
have a higher arsenate affinity or are more accessible than the sites of Bayoxide E33 which should 
make it a more effective sorbent at low initial As concentration. In a study comparing various copper 
loaded PLEs, An et al. reported similar arsenate capacities for resins with different copper contents.51 
As shown in Table 8, resin XAD1180 had a greater maximum arsenate capacity than XAD7HP. However 
when corrected for the copper content of each resin it can be seen than XAD7HP adsorbs more 
arsenate per mole of copper, i.e. it is a more efficient adsorbent.  
Table 8 – Copper content and arsenic capacity of polymeric ligand exchangers reported by An et al.51 
PLE Copper loading 
(mmol g-1) 
Arsenate capacity 
(mmol g-1) 
As / Cu ratio 
XAD1180-3N-Cu 0.61 0.35 0.57 
XAD7HP-3N-Cu 0.41 0.25 0.62 
XAD16-3N-Cu 0.63 0.24 0.38 
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As the sorption sites in both resins are the same (di-2-picolylamine loaded with Cu2+ ion) the authors 
suggest that this is due to the difference in resin backbones – XAD1180 is composed of polystyrene, 
while XAD7HP is the more hydrophilic poly(methylmethacrylate) – providing a different surface 
environment resulting in more accessible binding sites (see Figure 60). The importance of this was 
demonstrated in flow-through column experiments where the use of XAD7HP resulted in a lower 
effluent As concentration, again demonstrating that the maximum adsorption capacity is not the only 
important parameter. 
 
Figure 60 – (a) structure of functionalised polystyrene resin XAD1180-3N-Cu and (b) functionalised polyacrylate resin 
XAD7HP-3N-Cu.37 
It is often difficult to compare the performance of different adsorbents reported in literature owing 
to the wide variation in experimental conditions. This is illustrated by comparing the materials listed 
in Tables 1 and 2 in Chapter 1. For example, maximum arsenate capacities for the copper loaded PLEs 
reported by An et al. were determined at pH 7.5 in the presence of 100 mg L-1 sulphate and were 
around 20 mg g-1.51 However, the arsenate capacity for the Fe-LDA resin reported by Matsunaga et al. 
was determined at pH 3.5 with no competing ions present and was found to be 55 mg g-1.53 It is 
therefore not clear from comparing this data which resin has the best arsenate uptake ability. As 
another example, Suzuki et al. prepared a Zr loaded XAD resin that had a high arsenic capacity (53.9 
mg g-1) and selectivity over nitrate, acetate, sulphate and chloride but suffered from inhibition of 
adsorption in the presence of fluoride and phosphate.58 Cu-DOW-3N resin was shown by An et al. to 
have an arsenate capacity of 92 mg g-1 with no inhibition by sulphate or bicarbonate.37  However, 
without further testing of competing species, it is not certain that Cu-DOW-3N is the superior arsenate 
adsorbent. Furthermore, these conditions are not representative of real water samples where the 
adsorbent will ultimately be used. These issues have been tackled by the National Standard 
Foundation (NSF) who devised standard solutions that can be used to ascertain the ability of 
adsorbents to uptake arsenite or arsenate.155 These solutions contain a range of cations and anions 
that one would expect to find in natural waters, such as calcium, sulphate and phosphate. Arsenic is 
present at either 50 or 300 µg L-1. Use of these standard solutions therefore makes it easier to evaluate 
how an adsorbent will perform in the field, as well as facilitating comparison between different 
sorbents tested in different labs. Ultimately, any potential arsenic adsorbent should be tested using 
real natural water samples that require remediation to demonstrate its viability. 
 
 
(a) (b)
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4.2.3 Regeneration 
It is desirable that arsenic adsorbents can in some way be regenerated after they reach exhaustion, 
for both economic and environmental reasons. A simple and efficient regeneration means that the 
material can be easily re-used, potentially offsetting financial costs involved in development and 
implementation. Regeneration means that less adsorbent material has to be produced; thereby 
ensuring that less energy and raw materials are consumed by the overall remediation process. In 
general, regeneration of adsorbents has been carried out by washing with a solution that can cause 
the arsenic to desorb from the sorbent surface. As this will produce a concentrated arsenic waste 
solution, it is important that the regeneration is as efficient as possible so that only a relatively small 
volume of waste is created.47 
Ion exchange resins are usually present in their chloride form before use as arsenate adsorbents. 
Therefore when saturated with arsenic they can be regenerated by exchanging arsenate ions with 
chloride ions. For example Korngold et al. regenerated strong base anion exchange resins by washing 
with 2 M HCl or 2 M NaCl.36 HCl is an effective regenerant as the resulting protonation of arsenate 
species induces greater desorption from the resin in concurrent effect with the competition of 
chloride ions, as shown in Scheme 7. It was also shown that AsV could be removed from the regenerant 
solution by precipitation with FeCl3 and the regenerant could then be re-used.36 Awual et al. 
demonstrated that weak base anion exchange resins could be regenerated by washing with 1 M HCl.39    
 
Scheme 7 – Regeneration of ion exchange resin with HCl following arsenate adsorption. R = alkyl group for strong base 
resin and R = H for weak base resin. 
PLE type-resins can also be efficiently regenerated. Chanda et al. prepared an iron-loaded chelating 
resin that was regenerated by washing with 1 M NaOH.45 However, this process also stripped iron from 
the resin so a second washing with acidic FeCl3 solution was required to replenish the chelating sites 
and complete the regeneration. Zhao et al. reported that the DOW-2N-Cu PLE could be regenerated 
following saturation with phosphate by washing with 6% NaCl solution at pH 4.3.47 The very high 
concentration of chloride means this ion can compete with arsenate at the Cu2+ sites and the acidic 
pH causes protonation of arsenate species, resulting in a weaker interaction with Cu2+ ions and more 
efficient desorption. An et al. investigated the effect of pH during regeneration of arsenate-laden 
DOW-3N-Cu resin by washing with 4% NaCl at pH 4, 7 and 9.37 It was found that desorption of arsenate 
was least efficient at pH 7 and most efficient at pH 9. This demonstrated the importance of hydroxide 
ions in this process as OH can also compete with arsenate at the Cu2+ sites, shown in Scheme 8.  
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Scheme 8 – Regeneration of a polymeric ligand exchange resin with basic brine following arsenate adsorption. 
The effect of competition from OH is greater than the effect of protonation of arsenate which occurs 
to some extent at pH 4. In later work An et al. demonstrated that a set of novel PLEs could be very 
efficiently regenerated using 8% NaCl solution at pH 10.51 In all cases the PLEs were shown to have a 
much greater affinity for arsenate than chloride – this is why such high chloride concentrations are 
necessary to induce a competitive effect. Furthermore the subsequent adsorption of arsenate during 
re-use is not impeded by the presence of chloride ions at the active sites. 
Certain economic and practical difficulties involved with the regeneration process mean that some 
adsorbents, such as iron oxides, are simply disposed when they become exhausted. Alumina 
adsorbents can be regenerated using NaOH and H2SO4 but are damaged during the regeneration 
process.18 As mentioned above, inevitably a concentrated arsenic solution will be produced. If 
disposing of this waste is more costly than simply discarding the spent sorbent and replacing it with a 
fresh batch, then this could render regeneration unviable. Practical difficulties will also be exacerbated 
in remote and rural areas, or in developing nations, where the infrastructure and technology required 
for specialised waste disposal is not in place. Again in these cases it may be simpler and safer to replace 
the spent adsorbent rather than going through the regeneration process. However although they did 
not study the economics of regeneration, Chen et al. studied the costs involved during disposal and 
replacement of exhausted arsenic adsorbents in California.29 It was found that replacement of 
adsorbent contributed the greatest cost to this process and that the cost of hazardous waste disposal 
was insignificant in comparison. Therefore the use of adsorbents that can be regenerated should result 
in a more cost-effective remediation process. 
Any remediation technology will ultimately result in concentrated arsenic waste that requires 
disposal. The options on how to deal with this are limited. There is very little economic value in 
recovery of arsenic compounds unless the arsenic can be obtained in high purity.156 For example, 
arsenic trioxide is used in the manufacture of some wood preservatives and very high purity arsenic is 
required to produce crystalline gallium arsenide (a semiconductor) for use in electronics.156 However 
in most cases this is not feasible and therefore the waste must be dealt with. Storage of highly 
concentrated liquid As waste carries major safety concerns, therefore encapsulation of As into a solid 
and subsequent disposal in landfill represents the best option.156 
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4.2.4 Fixed-bed Columns 
The most common method for implementation of adsorbents in arsenic remediation is as part of a 
flow-through system. Even simple adsorbents such as the SONO filters are employed in this manner, 
where water is filtered under gravity through a bucket of iron oxide and sand.25 Bayoxide E33 is 
employed at water treatment plants with more strictly controlled flow conditions but the same 
principle applies. The most important aspect of the column is that it can maintain the As concentration 
below the 10 µg L-1 MCL. The key parameters of the system are the contact time (which defines the 
flow rate) necessary for adsorption to take place and the number of bed volumes (BV) that can be 
treated before arsenic concentration breaks through the 10 µg L-1 limit.  
Table 9 – Parameters for adsorption of arsenate in column experiments by novel resins reported in literature and 
commercially used Bayoxide E33. 
Adsorbent Influent Solution Breakthrough 
Concentration 
Bed Volumes 
Treated 
Contact Time 
(min) 
DOW-3N-Cu37 100 µg L-1 AsV 
pH 7 
10 µg L-1 6000 4.1 
XAD-3N-Cu51 100 µg L-1 AsV 
pH 7 
10 µg L-1 900 4.1 
Fe-LDA53 10 mg L-1 AsV 
pH 3.5 
- 2200 2 
Zr-XAD59 1 mg L-1 AsV 
pH 6 
10 µg L-1 5000 6 
Zr-RGP60 187 mg L-1 AsV 
pH 7.5 
10 mg L-1 38 - 
DiaionWA41 1 mg L-1 AsV 
pH 7 
10 µg L-1 2000 0.95 
Bayoxide E33157 46 µg L-1 AsV 
groundwater 
pH 8.4 
10 µg L-1 17000 - 
 
Furthermore, PLE type sorbents have demonstrated good arsenate adsorption ability in small scale 
column systems. As in the case of adsorption isotherms, comparison between materials can be 
complicated by the wide variety of conditions used in different studies. However, reported column 
adsorption parameters for PLE sorbents are summarised in Table 9. DOW-3N-Cu PLE reported by An 
et al. was used to adsorb AsV in fixed-bed column tests.37 This resin could treat 10 times more water 
than strong base IX resins before arsenic breakthrough occurred. High surface area Cu-XAD resins 
reported by An et al. were less effective during column studies with arsenic breakthrough occurring 
much sooner than for DOW-3N-Cu.51 Zr-XAD resin reported by Suzuki et al. was shown to maintain AsV 
concentration below the MCL from AsV-spiked tap water.59 Fe-LDA PLE described by Matsunaga et al. 
was also shown to adsorb AsV efficiently during column experiments though no reference was made 
to the 10 µg L-1 MCL. Zhu et al. used a column packed with Zr-RGP resin to treat solutions containing 
high levels of AsV (187 mg L-1); consequently only a small volume could be treated before As 
breakthrough occurred. Non-PLE ion exchange resins have also been used to remove arsenic in column 
tests. For example Awual et al. reported weak base IX resins that could treat 2000 BV of 1 ppm AsV 
before the 10 µg L-1 limit was reached.41 Clearly the number of BV that can be treated depends heavily 
on the constitution of the influent water. Commercially available adsorbent Bayoxide E33 has been 
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used to treat in the range of 17000 – 40000 BV of groundwater at different treatment sites in the 
US.157 
4.2.5 Arsenic Determination 
Quantifying adsorbent performance and measuring arsenic concentrations below the 10 µg L-1 MCL 
requires analytical techniques with a very low limit of detection. Commonly used methods include 
Atomic Absorption Spectrometry (AAS) and Inductively Coupled Plasma Mass Spectrometry (ICP-MS), 
and these and others have been reviewed extensively.158,159,160 These techniques have suitably low 
limits of detection (LOD) in the ppb range. Speciation between AsIII and AsV can be achieved by 
coupling a suitable separation step to the instrument, for example in HPLC-ICP-MS.  
4.2.6 Electrochemical Detection of Arsenic 
The work to be carried out during this project required an analytical method that could determine AsV 
with a low limit of detection (below 10 ppb). Ideally a technique that could be used at the lab bench 
to allow rapid feedback from adsorption experiments was also desirable. The spectrometric methods 
above are expensive and require lengthy analysis by trained operators, therefore an electrochemical 
method was sought.159 
Stripping voltammetry has been widely used for determination of inorganic arsenic and has been 
reviewed by Ma et al.,159 Mays et al.,161 Melamed,162 and Hung et al.158 As determination proceeds via 
a pre-concentration step, where AsIII or AsV is reduced to As0 and plated onto the surface of the 
working electrode. The stripping step then proceeds by sweeping the potential from reducing to 
oxidising – this re-oxidises the As0 that is stripped from the electrode. The oxidation process results in 
a current proportional to the concentration of arsenic in the electrochemical cell. A variety of working 
electrodes have been employed, including gold discs,163 gold wires,35 gold thin films deposited on 
glassy carbon164 and hanging drop mercury electrode (HDME).165 Until recently, it was thought that 
arsenic(V) was electroinactive166 except in extremely acidic conditions163 and so a chemical reduction 
step to reduce arsenic(V) to arsenic(III) was employed, for example using sodium sulphite,167 before 
the electrochemical analysis. 
Profumo et al.165 reported a cathodic stripping voltammetry (CSV) method using a HDME which could 
detect AsIII at sub-ppb levels in natural waters, with sodium dithionite employed to chemically reduce 
AsV. An advantage of the HDME is that as a new drop is used for each determination, essentially the 
working electrode is constantly replaced, therefore avoiding issues of electrode surface damage. 
However the high toxicity of mercury and subsequent waste disposal means that gold electrodes are 
preferable. 
Anodic stripping voltammetry (ASV) using a gold working electrode is the most widely used 
electrochemical method for arsenic determination. Again this technique was thought to require a 
chemical reduction step in order to measure AsV as in strong acidic conditions the formation of large 
quantity of hydrogen bubbles in the solution blocks the surface of the electrode.167 Rasul et al. 
reported determination of arsenic(III) in groundwaters from Bangladesh using a gold thin film coated 
onto a glassy carbon electrode, but a chemical reduction step using sodium sulphite was required to 
measure total inorganic arsenic.164 This problem was partly overcome by the use of a rotating disk 
electrode (RDE), which had been in commercial use previously but was first described in literature by 
Yilmaz et al. in 2009.163 Here the working electrode is a flat disk mounted on the side of a stirring rod 
– the constant movement of the electrode prevents the build-up of gas bubbles. This method could 
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also successfully measure AsV by electrochemical reduction and total arsenic concentrations were 
determined in natural waters in good agreement with ICP-MS, although this required use of a 
concentrated acid medium (6 M HCl) which causes instrument corrosion. The RDE also had to be 
cleaned extensively before use to prevent the build-up of a gold oxide layer or other contaminants on 
the electrode surface, and solutions had to be purged with nitrogen to remove dissolved oxygen 
before analysis making this technique unsuitable for rapid sample determinations. In 2007 Salaun et 
al. reported an ASV method using a gold microwire working electrode.35 This method offered 
numerous practical advantages over the gold disc – AsV could be directly determined in 0.1 M HCl, so 
strong acid or chemical reduction were not required. Purging with nitrogen and extensive conditioning 
of the electrode were also unnecessary facilitating more rapid sample analysis. Therefore during this 
project all arsenic determinations were carried out using ASV with a gold microwire working electrode.  
4.3 Aims and Objectives 
The aim of the work discussed in this chapter was to determine whether the functional material Zn-
HypoGel had potential as an arsenic adsorbent and to characterise its arsenic uptake ability. The 
specific objectives fulfilled in order to reach this aim were as follows: 
i) To determine the arsenate adsorption isotherm and use the Langmuir model to 
extrapolate the arsenate capacity of the material. 
ii) To carry out batch experiments to test the ability of Zn-HypoGel to adsorb arsenate under 
a range of solution conditions and thereby assess its potential for use in arsenic 
remediation, as well as to compare these results will with those achieved using a widely 
used and commercially available arsenic adsorbent (named Bayoxide E33). 
iii) To investigate the potential for regeneration and re-use of this new adsorbent material. 
iv) To determine whether the material could adsorb arsenate in flow-through column 
experiments. 
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4.4 Arsenic Detection by Stripping Voltammetry 
In order that low arsenic concentrations could be reliably measured during subsequent adsorption 
experiments, an electrochemical method for arsenic determination was installed and verified. A gold 
microwire electrode was fitted to a Metrohm 663 VA Stand as shown in Figure 61. 
 
 
Figure 61 – (a) schematic of the electrochemical cell showing the arrangement of the working electrode (WE), reference 
electrode (RE) and auxiliary electrode (AE) and (b) image of the gold microwire system used to detect arsenic by ASV 
during this project. 
Arsenic concentrations were then determined by Differential Pulse Anodic Stripping Voltammetry 
(DPASV) using the standard addition method.  
4.4.1 Linearity and Detection Limit 
The linearity of the determination method was established by making subsequent additions of an 
arsenic standard to the cell and recording the resulting ASV peak derivatives – each peak was 
measured three times and the average derivative used. Figure 62(a) shows the increase in the signal 
after each addition. Peak derivative was chosen as the best measurement of the peak as unlike peak 
height or peak area it is independent of the baseline – this allowed use of the software’s automatic 
peak  selection facilitating greater automation of the analytical process. 
 
 
Solution
Gold µwire WE
Ag / AgCl RE
Ir wire AE
Vibrating motor
Glass cell
(a) (b)
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Figure 62 - (a) Plot of current vs cell potential obtained upon measurement of increasing As concentration by DPASV and 
(b) plot of peak derivative against total arsenic concentration in the voltammetric cell. The response was linear up to    
20 ppb As in the cell. 
The response of the instrument was linear up to 20 ppb As with a 10 s deposition time. Therefore 
samples were diluted with 0.1 M HCl before analysis to ensure that the total arsenic concentration in 
the cell remained within this range during determinations by standard addition. Peak reproducibility 
was also very good as shown by the small error bars on the plot in Figure 62 (b) with the relative 
standard deviation for each point being less than 2%. The limit of detection (LoD) was determined 
from the standard deviation of repeated measurements of a low concentration of arsenic (0.3 ppb, n 
= 8, RSD = 9 %) using a 30 s deposition time. The LoD value of 0.02 ppb agrees well with that of 0.024 
ppb reported by Salaun et al. and was more than adequate for measurement of samples during this 
project.35 
4.4.2 Validation by ICP-MS 
After it was established that the method was yielding reproducible results, further validation was 
sought by comparison with ICP-MS measurements as this is a well-established technique for the 
measurement of arsenic in solution. Samples with a range of arsenic concentrations were determined 
by DPASV and then by ICP-MS. The result of the comparison between the two methods is shown in 
Figure 63. The linearity of the plot (r2 = 0.995) confirmed that there was very good agreement between 
the two techniques. This result gave further confidence that the established electrochemical method 
could be used to reliably measure arsenic concentrations. 
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Figure 63 - Plot of As concentrations determined in the same samples by DPASV and ICP-MS. The high r2 value (0.995) 
shows good agreement between the two techniques. 
4.5 Arsenate Adsorption Isotherms 
Batch adsorption studies were carried out by shaking Zn-HypoGel with solutions containing a range of 
arsenate concentrations. The arsenic uptake was determined by measuring the initial concentration 
and the concentration remaining at equilibrium. A preliminary experiment was carried out to 
determine that equilibrium would be reached within the 24 hour experiment. As shown in Figure 64 
the AsV concentration was reduced until around 8 hours, with no further change after this time. 
 
 
Figure 64  - Plot of arsenic concentration vs time during shaking of a solution of As with Zn-HypoGel. The initial As 
concentration was 1800 ppb and the solution was buffered at pH 7 with 10 mM HEPES. 
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Factors such as temperature, solid: solution ratio and pH can have a large effect on arsenic uptake by 
an adsorbent. Therefore all of the equilibrium studies were carried out in solutions buffered at pH 7 
with 10 mM HEPES to ensure there was no change of pH during the 24 hour time period of the 
experiments, and the solid: solution ratio was kept constant at 1 mg ml-1. The isotherm data were fit 
in Origin using the Langmuir equation shown below (Eq. 1), where qe is the amount of arsenic adsorbed 
at equilibrium (mg g-1), ce is concentration of arsenic in solution at equilibrium (mg L-1), Qmax is the 
theoretical arsenic adsorption capacity and b is the affinity coefficient.142 
 
 
Equation 2 – Langmuir isotherm equation, relating solution concentration at equilibrium (Ce) and solid phase 
concentration at equilibrium (qe) to the theoretical maximum adsorption capacity (Qmax) and the affinity parameter (b). 
As discussed in the previous chapter, Zn-HypoGel resins with differing zinc contents were synthesised 
(Zn-HypoGel-50 and Zn-HypoGel-90). Adsorption isotherms for each of these are shown in Figure 65, 
and the Langmuir parameters are given in Table 10. Units of mg g-1 for qe and mg L-1 for ce were used 
in order to facilitate comparison with literature data for other adsorbents as these are commonly used 
units. 
 
Figure 65 - Adsorption isotherms for Zn-HypoGel resins and Bayoxide E33 with Langmuir fit lines. Batch adsorption 
solutions were buffered at pH 7 with 10 mM HEPES. 
The Langmuir parameter Qmax is the maximum adsorption capacity of the adsorbent. For Zn-HypoGel-
90 this was determined to be 10.2 mg g-1 and for Zn-HypoGel-50 a value of 6.9 mg g-1 was found.  
 
 
 
 
-2 0 2 4 6 8 10 12 14 16 18 20
0
2
4
6
8
10
12
14
16
 Zn-HypoGel-90
 Bayoxide E33
 Zn-HypoGel-50
q
e
 (
m
g
 g
-1
)
C
e
 (mg L
-1
)
𝑞𝑒 =  
𝑏𝑄𝑚𝑎𝑥𝐶𝑒
1 + 𝑏𝐶𝑒
 
 98 
 
Table 10, Langmuir isotherm parameters determined for the 3 adsorbents 
Adsorbent Qmax (mg g-1) b (L mg-1) 
Zn-HypoGel-90 10.2 ± 0.6 8.1 ± 2.0 
Zn-HypoGel-50 6.9 ± 1.1 5.2 ± 3.5 
Bayoxide 17.1 ± 3.5 0.4 ± 0.2 
 
Unsurprisingly, Zn-HypoGel-90 had a greater maximum adsorption capacity and arsenic affinity than 
Zn-HypoGel-50. Figure 65 also shows the arsenic adsorption isotherm for Bayoxide E33, a 
commercially used iron oxide adsorbent. Bayoxide had a Qmax of 17 mg g-1, greater than both of the 
Zn-HypoGel resins. However, the two PLEs showed a greater affinity for arsenic at low concentrations 
– for example, from an initial As level of 1000 µg L-1, Bayoxide reduced the concentration to 60 µg L-1, 
Zn-HypoGel-50 reduced to 6 µg L-1 and Zn-HypoGel-90 could reach as low as 2 µg L-1 under identical 
conditions. 
The difference in the arsenic affinity of Bayoxide E33 and Zn-HypoGel-90 is shown more clearly in 
Figure 66, where the isotherms are plotted in terms of the number of moles of sorbent active sites 
present rather than the mass of sorbent used. This comparison demonstrates the difference in arsenic 
affinity of the individual active sites of each material and was made as Bayoxide E33 has many more 
adsorbent sites per gram of material than Zn-HypoGel-90 and so could be expected to have a larger 
maximum arsenic capacity. 
 
 
Figure 66 - Arsenic adsorption isotherms for Zn-HypoGel-90 and Bayoxide E33 shown in terms of the number of moles of 
active sites present. 
The number of Bayoxide active sites was determined using the value reported by Kanematsu et al.,168 
while the number of Zn-HypoGel-90 sites was calculated based on the zinc loading – i.e. ligand loading 
was 0.254 mmol  g-1 and zinc uptake was 0.46 mmol g-1 therefore the number of active sites is 0.23 
mmol g-1. Figure 66 shows that one mole of Zn-HypoGel-90 sites would adsorb 0.6 moles of arsenate, 
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compared to 0.2 moles of arsenate for Bayoxide. Zn-HypoGel-50 was not included in this comparison 
due to the uncertainty in the number of sites present – although the total zinc content was accurately 
quantified the fact that zinc loading was 50 % of the ligand loading means there is a possibility that 
each site contains one zinc, or that a mix of sites are present containing two, one or zero zincs. 
When compared with other reported PLE type adsorbents, these are moderate arsenate adsorption 
capacities at pH 7. For example, DOW-3N-Cu had a Qmax of 92 mg g-1 corresponding to 0.82 moles As 
per mole of exchange sites.37 Copper(II) loaded XAD16 and XAD7HP had Qmax values of 18 mg g-1 and 
19 mg g-1, corresponding to 0.38 and 0.61 moles of arsenate per mole of sites respectively.51 Iron 
loaded IX resin PWX5 adsorbed 0.034 moles of arsenate per mole of iron.153 Other PLEs listed in Table 
1 and Table 2 showed similar or higher arsenate capacities but did not adsorb well at pH 7. For 
example, Fe-LDA resin had a Qmax of 55 mg g-1 or 0.83 moles arsenate per mole of sites at pH 3.5 but 
arsenate uptake reduced sharply above pH 5.53 
4.6 Adsorption pH Range 
While the equilibrium adsorption properties shown above were determined at pH 7, clearly different 
natural waters can have quite different acidic or basic properties. Therefore, it is important to 
investigate how an adsorbent will perform over a range of pH values.  It is well known that iron oxides 
show best affinity for arsenate at lower pH, where the surface hydroxyl groups of the iron oxide are 
protonated thus resulting in a positively charged surface and a stronger electrostatic attraction 
towards arsenate. Conversely, as pH increases the surface will be progressively de-protonated until 
the point of zero charge is reached – above this pH the negative charge of the surface increases and 
the adsorption of arsenate is inhibited. 
Figure 67 shows how the adsorption of arsenate by the Zn-HypoGel resins and Bayoxide E33 varies 
with pH. Each adsorbent was shaken with arsenic solutions buffered over the pH range 3 – 10 and the 
arsenic remaining in solution after 24 hours was determined. 
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Figure 67 – Plot of arsenic adsorbed onto Zn-HypoGel and Bayoxide with pH, after shaking 5 mg of adsorbent with 50 ml 
of each buffered arsenic solution. The initial arsenic concentration was 300 µg L-1. 
As expected, Bayoxide E33 showed greatest arsenate uptake at low pH, and showed almost no 
adsorption above pH 8.5 (the point of zero charge).146 Zn-HypoGel displayed maximum uptake around 
pH 7. Adsorption was reduced slightly at pH > 8 and more significantly at pH < 5. This can be explained 
by reference to the aqueous speciation of arsenate and also the bulk solution composition. At the 
lower end of this pH range, arsenate will be present as a mixture of H3AsO4 and H2AsO4- for which the 
zinc(II) complex active site will show a reduced affinity as compared to the HAsO42- species present at 
higher pH. The AsO43- anion is present in solution above pH 9, but while Zn-HypoGel would be expected 
to show an even greater affinity for this triply charged anion, this is counter-acted by the high 
concentration of hydroxide ions that can compete with arsenate for the binding sites. For example, at 
pH 10 the concentration of hydroxide will be 0.1 mM which is 25 times greater than the arsenate 
concentration used in these experiments. Nevertheless, Zn-HypoGel adsorbs arsenate efficiently over 
the pH range of most natural waters and unlike iron oxide does not have a point of zero charge, and 
can therefore remove arsenic from basic pH solutions. 
Copper loaded PLEs described by An et al. also show maximum arsenate adsorption at pH 7 however 
this is a relatively novel feature for arsenic adsorbents.37,51 As previously discussed, metal oxides show 
best uptake at low pH due to the surface charge. For example, Kanematsu et al. showed that 
adsorption on Bayoxide E33 was most effective at pH 3 and decreased with increasing pH.146 Weak-
base anion exchange resins also have a pH-dependent surface charge and are therefore most effective 
for arsenate adsorption at low pH where the active sites are protonated. This has been shown in 
studies by Awual et al.39,41 Strong base ion exchange resins do not have a pH dependent charge and 
prefer divalent ions to mono valent, therefore they adsorb arsenate best at pH 7 or above where the 
divalent HAsO42- is the dominant species.36  Many of the PLEs reported in literature showed maximum 
arsenate adsorption below pH 7 (see Table 2). For example, Fe-LDA resin prepared by Matsunaga et 
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al. had a high arsenate capacity at pH 3.5, but adsorption dropped sharply above pH 5.53 It is 
advantageous for maximum adsorption to occur near pH 7 so that the adsorbent performs efficiently 
during treatment of natural waters and does not require additional chemical steps to adjust the pH 
during remediation. 
4.7 Adsorption from Challenge Water 
While the above equilibrium and pH studies were important in order to quantify the ability of Zn-
HypoGel to adsorb arsenate, the conditions under which they were carried out are quite far removed 
from the conditions of real water samples – i.e. in natural waters a range of other ions are present 
which may compete with arsenate at the sorption sites. Therefore batch adsorption studies were 
carried out with solutions based on NSF Standard 53, so called “Challenge Water” (see Table 11 for 
their composition).155 
Table 11 - Ionic composition of the competitive solutions used during these studies. 
Ion Concentration (mM) Equivalents (relative to 
arsenate) 
SiO32- 0.34 82 
HCO3- 2.97 725 
SO42- 0.50 122 
NO3- 0.14 34 
F- 0.05 13 
H2PO4- / HPO42- 0.0013 0.33 
Cl- 1.98 482 
Mg2+ 0.50 122 
Ca2+ 0.99 241 
 
The arsenic uptake by Zn-HypoGel-50, Zn-HypoGel-90 and Bayoxide E33 from this Challenge Water at 
pH 7 is shown in Figure 68. 
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Figure 68 – Chart showing the amount of arsenate adsorbed after shaking 5 mg of each sorbent with 50 ml of pH 7 
Challenge Water with an initial arsenate concentration of 300 µg L-1. 
Zn-HypoGel-90 adsorbed approximately three times as much arsenate from the solution as Bayoxide 
E33 – Zn-HypoGel-50 also performed significantly better than the iron oxide. In Figure 69 the 
adsorption by Zn-HypoGel-90 and Bayoxide E33 is shown per mole of active sites present, rather than 
by mass of sorbent. This shows more clearly the contrast in arsenate affinity as one mole of Zn-
HypoGel-90 would adsorb c.a. 12 times the number of moles of arsenate. 
 
Figure 69 – Chart showing the number of moles of arsenate adsorbed from 50 ml of pH 7 Challenge Water per mole of 
active site present. The initial arsenate concentration was 300 µg L-1. 
These differences can be attributed to the greater arsenate affinity of the Zn-HypoGel active sites for 
arsenate, as well as their selectivity. Previous solution phase studies showed that the zinc(II) complex 
had high affinity for arsenate and phosphate but did not bind other anions such as sulphate -  therefore 
effective arsenic adsorption was observed even in the presence of high levels of other species. In the 
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experiments described, all of the competing ions (except phosphate) are in excess of arsenate in 
solution. It is also key to note that they are in excess when compared to the number of Zn-HypoGel-
90 sorption sites that are available. This is important as if the sorbent were in excess of the ions then 
it could not be said that there is a competitive effect. For example, if hypothetically there are 0.5 moles 
of sulphate ions, 0.5 moles of arsenate ions and 1 mole of sorption sites then all of the sulphate and 
arsenate ions could be adsorbed without competing against each other. 
Adsorption of arsenate from these solutions at pH 5 was also investigated and is shown in Figure 70. 
At this lower pH, the quantity of arsenate adsorbed by Bayoxide E33 was greater than that adsorbed 
by Zn-HypoGel-90 which is in agreement with the pH range studies described previously. However, as 
can be seen from Figure 70(b), Zn-HypoGel-90 could still adsorb a greater number of moles of arsenate 
per mole of active site than Bayoxide E33 even at this lower pH. 
 
Figure 70 – Chart showing (a) quantity of arsenate adsorbed after shaking 5 mg of each sorbent with 50 ml of pH 5 
Challenge Water for 24 hours and (b) number of moles arsenate adsorbed per mole of active site present. The initial 
arsenate concentration was 300 µg L-1. 
4.8 Adsorption from Groundwater 
In order to demonstrate the potential for the use of Zn-HypoGel-90 in arsenic remediation, further 
adsorption studies were carried out using natural groundwater samples. Samples were taken from a 
water treatment site in the West Midlands, where arsenic remediation is currently necessary. Upon 
sampling, the waters were preserved by adjusting to pH 1 with HCl. Therefore before the adsorption 
studies the solutions were adjusted to 7 by addition of 0.1 M NaOH and then spiked with 1 mg L-1 
arsenate. The arsenic uptake by Zn-HypoGel-90 and Bayoxide E33 after shaking with the As-spiked 
groundwater is shown in Figure 71. 
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Figure 71 - (a) quantity of arsenate adsorbed after shaking 5 mg of each sorbent with 5 ml of groundwater sample 
adjusted to pH 7 and spiked with 1 mg L-1 arsenate and (b) number of moles arsenate adsorbed per mole of active site 
present.  
Zn-HypoGel-90 was able to adsorb a significant amount of arsenate (84%) from the groundwater 
sample, showing that this material has great promise for use in arsenic remediation. Furthermore, the 
adsorption was greater than that of Bayoxide E33.  
4.9 Regeneration 
To determine the feasibility of regenerating spent Zn-HypoGel for re-use, a series of 
adsorption/desorption cycles were carried out. Adsorption was carried out in the same way as for the 
adsorption isotherm studies (24 hours at pH 7). Desorption of arsenate from the resin was then 
achieved by shaking the As-laden material with a 1 M NaCl solution at pH 10. Basic brine solutions are 
well known as regenerants for ion-exchange resins and PLE type sorbents as the very high 
concentration of chloride and hydroxide ions can replace arsenate at the active sites, thus inducing 
desorption.37 
These experiments were carried out in batch mode and desorption of arsenate from Zn-HypoGel-50 
was relatively slow, requiring > 1 day shaking in the basic brine solution. However as Figure 72 (a) 
shows, it was possible to fully remove adsorbed arsenic without impairing subsequent re-adsorption 
for at least 5 cycles. In the case of Zn-HypoGel-90, desorption using NaCl was intolerably slow with 
only 80 % arsenic recovered after more than 10 days of shaking. Therefore a solution of 1 M sodium 
acetate adjusted to pH 10 was used as regenerant. Acetate is a stronger ligand than chloride and can 
bind to this zinc complex in a bridging mode (as observed in X-ray crystal structure reported by Adams 
et al.)96 therefore acetate should induce more efficient desorption of arsenate. Displacement assays 
were carried out with complex 3 to demonstrate that acetate binding is of negligible strength as 
compared to arsenate so that the presence of acetate does not inhibit subsequent arsenate uptake 
(see Appendix). This was indeed the case with complete arsenate removal observed after 28 hours 
shaking in acetate solution, and again there was no impairment of arsenate adsorption ability for at 
least 5 cycles (Figure 72 (b)). These results indicate that Zn-HypoGel-90 binds arsenate more strongly 
than Zn-HypoGel-50, presumably owing to the di-zinc(II) complex binding arsenate via both metal 
cations in a bridging mode. Figure 72 shows that even after multiple desorption cycles the ability of 
both Zn-HypoGel sorbents to uptake arsenate is not impaired, and therefore these sorbents are easily 
recyclable. 
Zn-HypoGel Bayoxide
0.00
0.01
0.02
0.03
0.04
0.05
0.06
0.07
a
rs
e
n
a
te
 a
d
s
o
rb
e
d
 (
m
o
l 
m
o
l-1
)
(a) (b)
Zn-HypoGel Bayoxide
0
2
4
6
8
10
12
14
a
rs
e
n
a
te
 a
d
s
o
rb
e
d
 (

m
o
l 
g
-1
)
 105 
 
 
Figure 72 – (a) Plot showing adsorption and subsequent desorption (5 cycles) of arsenate from Zn-HypoGel-50 resin - 
desorption was carried out by shaking with 5 ml of brine solution at pH 10 and (b) Plot showing adsorption and 
subsequent desorption (5 cycles) of arsenate from Zn-HypoGel-90 resin – desorption was carried out by shaking with 5 
ml of 1 M sodium acetate solution at pH 10.  
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4.10 Fixed Bed Column  
In order to determine whether Zn-HypoGel-90 had potential to be used in a flow-through water 
treatment system, fixed-bed column studies were carried out. Dry Zn-HypoGel was added to a glass 
column (1.4 g resin, 3.5 cm bed depth, 1 cm column diameter) and packed in Milli-Q water. Glass 
beads were added on top of the wet resin to act as a solution distributor as shown in Figure 73. The 
column was washed with HEPES buffer before adsorption experiments were carried out. 
 
Figure 73 – Cartoon representation of column adsorption experiments. 
A solution of 10 ppm arsenate buffered at pH 7 with HEPES was then passed through the column using 
a Watson-Marlow 101U peristaltic pump. The flow rate was maintained at 1 ml / min giving an empty 
bed contact time (EBCT) of 2.8 minutes. Fractions of the column effluent were collected and the total 
arsenic concentration was determined by DPASV. Figure 74 shows that adsorption by Zn-HypoGel-90 
in the column was very efficient. The effluent concentration was < 100 µg L-1 for up to 1000 bed 
volumes (BV) i.e. > 99 % adsorption occurred in the column.  
Influent, 10 ppm As
Sinter
Zn 
Hypo
Gel
90
Glass 
beads
Effluent, collected for As determination
3.5 cm
1.2 cm
1
0
 p
p
m
 A
s So
lu
tio
n
15 cm
 107 
 
 
Figure 74 – Plot of normalised effluent AsV concentration against bed volumes treated after passing a solution of 10 ppm 
AsV through a glass column packed with Zn-HypoGel-90. Solution buffered at pH 7 with 25 mM HEPES,                            
bed volume = 2.75 cm3. 
Arsenic began to break through (i.e. the column becomes saturated) after 2.75 L (1000 BV) of the 10 
ppm AsV solution had been treated. Given that the average adsorption measured over this time was 
99 % this translates to total adsorption of c.a. 0.35 mmoles AsV by the column. This correlates very 
closely with the expected number of available binding sites – from the zinc loading calculations it was 
determined that Zn-HypoGel-90 contained 0.23 mmoles sites g-1 therefore a 1.4 g column contains 
0.32 mmoles of adsorption sites. This also translates as a higher adsorption capacity than was 
determined during the isotherm experiments described above where only 0.6 moles of AsV were 
adsorbed per mole of sites – presumably due to the much higher solid / solution ratio in the column 
as compared to the batch experiments. 
Column Regeneration 
Regeneration of Zn-HypoGel-90 with 1 M NaOAc at pH 10 was shown to be efficient during batch 
experiments. Therefore this solution was used to regenerate the fixed bed column after AsV 
saturation. As shown in Figure 75, near total removal of adsorbed AsV was achieved after flushing with 
40 BV of acetate solution at a flow rate of 1 ml /min i.e. the contact time was the same as the 
adsorption experiment. After AsV desorption the column was again washed with HEPES and stored in 
buffer awaiting re-use. 
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Figure 75 – Plot of total mmoles AsV desorbed from Zn-HypoGel-90 column against number of bed volumes of NaOAc 
wash solution. Flow rate = 1 ml / min, total recovery was 93 %. 
Regeneration after treatment of 2.7 L of arsenic contaminated water resulted in production of 100 ml 
(40 BVs) concentrated AsV waste solution.  This regeneration efficiency is similar to those reported for 
other PLEs in literature, for example copper(II) loaded resins reported by An et al. were regenerated 
with 20 – 30 BVs of brine solution although the regeneration required a contact time five times longer 
than the adsorption.37, 51 The regeneration procedure for Zr-XAD resin described by Suzuki et al. 
resulted in only 6 BVs of concentrated waste.59 Therefore there is scope to further optimise the Zn-
HypoGel regeneration process in order to further minimise the amount of concentrated waste 
generated for each column run. 
The regenerated column was then used to carry out AsV adsorption as described above. As shown in 
Figure 76, very efficient adsorption was again observed although AsV breakthrough did occur slightly 
earlier. 
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Figure 76 – Plot of normalised effluent AsV concentration against bed volumes treated after passing a solution of 10 ppm 
AsV through a glass column packed with Zn-HypoGel-90, before and after regeneration of the column. Solution buffered 
at pH 7 with 25 mM HEPES, bed volume = 2.75 cm3. 
Saturation of the regenerated column occurred after treatment of c.a. 900 BV of 10 ppm AsV solution. 
Adsorption was again consistent at around 99 % which corresponds to total adsorption of c.a. 0.31 
mmoles AsV. This is also close to the expected total number of active sites in the column (0.32 mmoles). 
The fact that it is slightly lower than observed during first use of the column suggests that the 
efficiency of the regeneration could be improved. However, it is clear that Zn-HypoGel-90 can be easily 
recycled in a fixed-bed column. 
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Challenge Water 
As the initial column experiments had shown that Zn-HypoGel-90 could effectively adsorb AsV in a 
flow-through system, preliminary work was carried out to determine whether this column could be 
used to remove AsV below the MCL (10 µg L-1). 
The Zn-HypoGel-90 column was regenerated a second time and a solution of Challenge Water was 
prepared, with the same composition as given in Table 11 at pH 7. This solution was then passed 
through the column at a flow rate of 1 ml min-1and the AsV concentration in the effluent was 
determined. 
 
Figure 77 – Plot of effluent AsV concentration in µg L-1 against volume of Challenge Water treated by Zn-HypoGel-90 
column. Influent AsV concentration = 300 µg L-1, pH 7. 
As shown in Figure 77 AsV was adsorbed from the Challenge Water however the effluent concentration 
did not reach the MCL, with concentration ranging from 20 – 70 µg L-1. Therefore further experiments 
are required in order to optimise the column system for AsV removal. The percentage adsorption 
observed was in the range 75 – 93 % which is much less than the 99 % removal observed in the initial 
column tests described above. It may be that a longer EBCT is required when there are high 
concentrations of competing ions present.  
A systematic approach should be taken to determine the cause of the reduced AsV uptake. Initially a 
solution of 300 µg L-1 AsV in HEPES at pH 7 (i.e. no competing ions) should be treated by the column to 
determine whether the low initial AsV concentration causes a reduction in efficiency of adsorption. If 
AsV is adsorbed well then the effect of competing ions should be examined in turn. This should lead to 
optimised experimental parameters and a system that can remove AsV from Challenge Water to below 
the MCL. 
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4.11 Arsenate Adsorption - Conclusions 
The arsenic adsorption properties of functionalised HypoGel resin with two different zinc contents 
were thoroughly investigated by batch experiments under a range of conditions. Bayoxide E33 was 
studied under the same conditions for comparison. From modelling of equilibrium adsorption 
isotherms it was found that the Zn-HypoGel resins had a moderate arsenic capacity and high arsenic 
affinity. 
A study of the adsorption over a wide pH range showed that Zn-HypoGel uptakes maximum arsenic 
around pH 7, which is advantageous in the treatment of natural waters. This was in contrast to 
Bayoxide E33 which showed maximum adsorption at acidic pH (<5). 
Batch experiments also showed that Zn-HypoGel could adsorb arsenate from Challenge Water 
solutions containing high levels of competing anions as well as from natural groundwater samples, 
both to a greater degree than Bayoxide E33.  This demonstrates the great potential of this material 
for use in arsenic remediation. It was also shown that arsenic laden Zn-HypoGel could be regenerated 
by washing with a basic sodium acetate solution. 
Finally, column experiments showed that Zn-HypoGel-90 was capable of very efficiently adsorbing AsV 
in a flow-through system. Furthermore the column could be easily recycled, which could improve the 
cost-effectiveness and reduce the environmental impact of the remediation process. Initial 
experiments showed that AsV could be adsorbed from Challenge Water by the column however the 
effluent concentration was not reduced to below the MCL and therefore further optimisation of this 
system is required in order that Zn-HypoGel-90 can be used in AsV remediation. 
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5. Summary and Conclusions 
The research presented in this Thesis has shown that anion recognition chemistry could be exploited 
to develop an effective adsorbent for arsenate. A phenolate di-zinc(II) complex, previously known as 
a phosphate receptor , displayed a high affinity for arsenate in water. A novel adsorbent, Zn-HypoGel, 
was prepared by immobilising this complex onto polystyrene resin. Subsequently, Zn-HypoGel was 
demonstrated to have an arsenate capacity comparable to that of other reported adsorbents and 
could uptake arsenate in the presence of competing ions.  
There are however a number of next steps that could be undertaken to further progress the research 
described in this Thesis. Relating to Zn-HypoGel, experiments should be undertaken to establish the 
optimum flow parameters for the column to determine whether adsorption is still efficient at higher 
flow rates, as this would be advantageous in future applications. The column system should then be 
optimised for the treatment of Challenge Water solutions to demonstrate that the material is capable 
of reducing AsV below the MCL. This will initially involve investigating the effect of influent AsV 
concentration on adsorption and potentially optimising experimental parameters. Once it is 
established that AsV can be reduced below the MCL from HEPES buffer the effect of the presence of 
competing anions should be determined in turn before again treating Challenge Water solutions. The 
optimised system should then be tested with real groundwater samples and with AsV spiked tap water 
in order to establish its’ viability for use in arsenic remediation from drinking water. 
As well as the ability to adsorb arsenate well, a key feature of any material used in remediation is that 
it is stable during the adsorption process and in the case of PLEs the most likely issue is the release of 
transition metal ions from the resin into the treated water. Leaching of metal ions could add to the 
toxicity of the water and also cause the adsorbent to lose efficacy over time. Zinc contamination of 
drinking water is not associated with significant health problems. Ingestion of very high levels of zinc 
can cause acute toxicity, for example consuming 500 mg of Zn(SO4) can induce vomiting. Effects such 
as copper deficiency and gastric erosion have been associated with chronic zinc poisoning caused by 
consumption of > 150 mg zinc daily.169 However these levels are much higher than is typically found 
in drinking water, and the WHO does not recommend that any health-related zinc MCL is required. 
Zinc concentrations above 3 mg L-1 can cause unpleasant cosmetic effects, affecting the taste and 
appearance of drinking water. Therefore the US EPA suggests a zinc limit of 5 mg L-1 though this is 
simply a recommendation and is not legally enforceable.170 The recommended daily zinc intake for an 
average man is 15 mg / day and zinc deficiency is usually of greater concern than zinc poisoning.171 
The fact that Zn-HypoGel showed consistent AsV uptake on repeat uses implies that any zinc(II) loss is 
minimal but this should be experimentally confirmed. 
Currently, this material is likely to be too costly to be used in large scale water treatment. However, it 
should be possible to develop a small scale point-of-use filter for household application that can 
produce arsenate-free drinking water. Furthermore, the possibility of designing a more cost-effective 
synthetic procedure should be investigated. This could involve building up the ligand directly on the 
resin as shown in Scheme 9 rather than first isolating compound 12, as this isolation involves a 
laborious and time-consuming purification step. Once this synthetic procedure is optimised it should 
then be easier to investigate the effect of changing the solid support – for example, complex 3 could 
be built up on a macroporous resin or an inorganic support such as silica. 
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Scheme 9 – Potential route to Zn-HypoGel without isolation of ligand. (i) amide coupling (ii) Mannich reaction (iii) zinc(II) 
loading. 
This approach – designing a molecular receptor for a contaminant ion and then affixing to a solid-
support – has rarely been exploited but could be widened to tackle environmental pollution by other 
anions such as chromate and phosphate. Zn-HypoGel could itself be tested as a phosphate removal 
device – high phosphate concentrations in wastewater are an environmental concern and lead to 
eutrophication of water. 
With regards to the solution phase study of chemical receptors for arsenate; as noted in Chapter 1 
there is a relative paucity of data in literature relating to arsenate binding. This Thesis has 
demonstrated the potential use in remediation of chemical receptors immobilised on a solid support. 
Therefore the testing of other reported synthetically simple phosphate binders as arsenate receptors 
could lead to the design of even higher affinity arsenate adsorbents or arsenate molecular sensors. 
While the boronic acid based receptors described in this Thesis were shown to be less effective 
arsenate binders the slight arsenate selectivity shown by complex 13 and the reasonable 
arsenate/phosphate affinity of 14 suggest that such compounds are worthy of further investigation. 
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6. Experimental Details 
6.1 Instrumental Details 
1H NMR, 13C NMR, 11B NMR and 31P NMR spectra were recorded on a Bruker Avance 400 MHz 
Ultrashield NMR spectrometer. All reported 13C NMR spectra are proton decoupled. DOSY and HMBC 
NMR spectra were recorded on a Bruker Avance 500 MHz Ultrashield NMR spectrometer. Electrospray 
ionisation mass spectra were recorded on a BrukerDaltronics Esquire 3000 spectrometer by Mr. J. 
Barton or Dr. Lisa Haigh (Imperial College London). UV-Vis spectra were collected with a Perkin Elmer 
UV-Vis Lambda 25 Spectrophotometer and 96-well plates were analysed with a Molecular Devices 
SpectraMax M3 Spectrophotomer. Elemental analyses of the compounds prepared were performed 
by Mr. Alan Dickerson (University of Cambridge). The X-ray crystal structures where resolved by Dr. A. 
J. P. White (Imperial College London) using a OD Xcalibur PX Ultra Diffractometer (1.54184 Å).   
6.2 Synthesis 
2,6-bis((bis(pyridin-2-ylmethyl)amino)methyl)-4-methylphenol (L1) 
This Finkelstein activation was carried out under solvent-free conditions. Di-(2-picolyl)amine (1.1 ml, 
6 mmol), potassium iodide (0.499 g, 3 mmol), potassium carbonate (1.001 g, 3 mmol) and PEG-400 
(0.1 ml, 0.3 mmol) were ground together with a mortar and pestle for 5 mins, to form a yellow paste. 
2,6-bis(chloromethyl)-4-methylphenol (0.620 g, 3 mmol) was added and the resulting green paste was 
ground vigorously for 45 minutes, yielding a sticky green solid.  This material was taken up in CH2Cl2 
and washed with water until the aqueous layer was no longer cloudy.  The organic layer was then 
dried overnight with sodium sulphate and filtered. The solvent was removed under reduced pressure 
to give a green oil (crude yield 88%) – this was recrystallized from 1:1 hexane/ether to give the desired 
product L1 as a yellowish solid. (0.848 g, 1.6 mmol, yield 54%); m.p. = 95 - 97°C; 1H NMR (400 MHz, 
CDCl3) δ 10.79 (s, 1H, -OH), 8.54 (d, 4H, J = 4.5 Hz, Py-H), 7.62 (td, 4H, J = 7.8 Hz, 1.8 Hz, Py-H), 7.52 (d, 
4H, J = 7.8 Hz, Py-H), 7.14 (m, 4H, Py-H), 7.01 (s, 2H, ArH), 3.89 (s, 8H, PyCH2), 3.80 (s, 4H, ArCH2), 2.25 
(s, 3H, ArCH3); 13C NMR (100 MHz, CDCl3) δ 159.3, 148.9, 136.5, 129.8, 123.7, 123.0, 122.0, 77.4, 77.1, 
76.8, 59.8, 54.8; MS (ESI+)  m/z 531.29 (calc for [M+H]+ = 531.29, where M = C33H34N6O); Elem. Anal. 
C33H34N6O·0.5H2O Calc. C 73.44, H 6.54, N 15.57; Found C 73.81, H 6.38, N 15.34% 
2,6-bis((bis(pyridin-2-ylmethyl)amino)methyl)-4-methylphenol bis-copper(II) 
bistetrafluoroborate acetate (1) 
This complex was prepared by modification to a procedure described by Fenton et al96. L1 (0.159 g, 0.3 
mmol) was stirred in MeOH (8 ml) at 55°C.  NEt3 (84 µL, 0.6 mmol) was then added to the solution, 
followed by Cu(OAc)2·H2O (0.120 g, 0.6 mmol).  The temperature was then raised to 65 °C and the 
solution stirred under reflux for 90 minutes.  After this time, the stirring was stopped and the solution 
cooled to 45 °C.  NaBF4 (0.066 g, 0.6 mmol) was added.  The solution was then shielded from light, 
slowly cooled to 0 °C and left to stand.  After two days the solution was filtered and the solid was then 
washed with diethyl ether, giving complex 1 as a green solid.  (0.151 g, 0.17 mmol, yield 57%); m.p. = 
241 – 242 °C; MS (ESI+) m/z 745.13 (calc for [M-2BF4-H]+ = 745.16, where M = C33H33Cu2N6O 
(OAc)(BF4)2·MeOH); Elem. Anal. C33H33Cu2N6O(OAc)(BF4)2·H2O Calc. C 46.33, H 4.22, N 9.26; Found C 
46.70, H 4.27, N 9.44% 
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2,6-bis((bis(pyridin-2-ylmethyl)amino)methyl)-4-methylphenol bis-nickel(II) 
tetrafluoroborate diacetate (2) 
This complex was prepared by modification to a procedure described by Fenton et al96. L1 (0.159 g, 0.3 
mmol) was stirred in MeOH (8 ml) at 55 °C.  NEt3 (84 µL, 0.6 mmol) was then added to the solution, 
followed by Ni(OAc)2·4H2O (0.149 g, 0.6 mmol).  The temperature was then raised to 65 °C and the 
solution stirred under reflux for 90 minutes.  After this time, the stirring was stopped and the solution 
cooled to 45°C.  NaBF4 (0.066 g, 0.6 mmol) was added.  The solution was then shielded from light, 
slowly cooled to 0 °C and left to stand.  After two days the solution was filtered to yield complex 2 as 
a blue solid, which was then washed with diethyl ether.  (0.124 g, 0.14 mmol, yield 48%); m.p. = 333 - 
335°C; MS (ESI+) m/z  735.14 (calc for [M-OAc-BF4-H]+ = 735.17, where M = C33H33Ni2N6O 
(OAc)2(BF4)·MeOH) ; Elem. Anal. C33H33Ni2N6O(OAc)2(BF4) Calc. C 52.16, H 4.61, N 9.86, Found C 51.80, 
H 4.52, N 9.69% 
2,6-bis((bis(pyridin-2-ylmethyl)amino)methyl)-4-methylphenol bis-zinc(II) 
tetrafluoroborate diacetate (3) 
This complex was prepared by a modification to a procedure described by Fenton et al.96  L1 (0.159 g, 
0.3 mmol) was stirred in methanol (8 ml) at 55 °C.  Triethylamine (0.084 ml, 0.6 mmol) was then added 
to the solution, followed by zinc acetate (0.110 g, 0.6 mmol).  The temperature was then raised to 65 
°C and the solution stirred under reflux for 90 minutes.  The stirring was then stopped and the solution 
allowed to cool down to 45 °C. Sodium tetrafluoroborate (0.066 g, 0.6 mmol) was added, and the 
solution was shielded from light, slowly cooled to 0 °C and left to stand overnight. The resulting white 
precipitate was filtered from the solution and washed with diethyl ether and cold methanol, yielding 
3 as a white solid. (0.137 g, 0.15 mmol, yield 51 %); m.p. = 309 – 310 °C; 1H NMR (400 MHz, DMSO) δ 
8.71 (d, J = 4.8 Hz, 2H, Py-H), 8.19 (d, J = 4.8 Hz, 2H, Py-H), 8.02 (td, J = 7.8, 1.6 Hz, 2H, Py-H), 7.62 (d, 
J = 7.8 Hz, 2H, Py-H), 7.53 (t, J= 7.8Hz, 2H, Py-H), 7.41 (td, J = 7.8, 1.6 Hz, 2H, Py-H), 7.13 (t, J = 7.8 Hz, 
2H, Py-H), 6.55 (d, J = 7.8 Hz, 2H, Py-H), 6.44 (s, 2H, ArH), 4.40 (d, J = 14.5 Hz, 2H, CH2), 4.07 (d, J = 14.5 
Hz, 2H, CH2), 3.80 (d, J = 11.0 Hz, 2H, CH2), 3.55 (d, J = 16.6 Hz, 2H, CH2), 3.23 (d, J = 11.0 Hz, 2H, CH2), 
2.00 (s, 6H, OAc), 1.95 (s, 3H, Ar-Me); MS (ESI+) m/z 751.12 (calc for [M-OAc-BF4-H]+ = 751.16, where 
M = C33H33Zn2N6O(OAc)2(BF4)·MeOH); Elem. Anal. C33H33Zn2N6O(OAc)2(BF4)· 2H2O Calc. C 49.30, H 4.81, 
N 9.32; Found C 49.12, H 4.31, N 8.91% 
2,6-bis((bis(pyridin-2-ylmethyl)amino)methyl)-4-methylphenol bis-vanadyl 
bistetrafluoroborate sulphate (4) 
L1 0.050 g, 0.094 mmol) was stirred in 5:1 ethanol/water (12 ml) with VO(SO4)·5H2O (0.137 g, 0.54 
mmol) and the solution heated to reflux (81 °C). After 10 minutes, NaBF4 (0.052 g, 0.47 mmol) was 
added and this mixture refluxed for a further 30 minutes. The solution was then cooled slowly to room 
temperature and left to stand. After 24 hours a small quantity of a blue precipitate had formed. The 
solution was separated from this solid by decanting into a separate vessel and was again left to stand. 
After 5 days standing at room temperature, a dark purple solid precipitated from solution. This was 
removed by filtration and washed with cold water and ethanol to yield the desired complex 4 as a 
purple solid. (0.034 g, 0.037 mmol, yield 40 %); MS (ESI+) m/z 759.1 (calc for [M-BF4]+ = 759.10, where 
M = C33H33V2N6O3(SO4)(BF4)); Elem. Anal. C33H33V2N6O3(SO4)(BF4)·4H2O Calc. C 43.15, H 4.50, N 9.15; 
Found C 42.89, H 4.02, N 8.91% 
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1,3-bis(bis(pyridin-2-ylmethyl)amino)propan-2-olbiscopper(II)bishexafluorophosphate 
acetate (5) 
This compound was prepared according to the method described by Fenton et al.100  1,3-
bis(bis(pyridin-2-ylmethyl)amino)propan-2-ol (0.036 g, 0.08 mmol) was stirred in methanol (5 ml) at 
55 °C.  Triethylamine (0.012 ml, 0.08 mmol) was added and the hot solution stirred for 10 minutes.  
Copper acetate hydrate (0.032 g, 0.16 mmol) was then added and the temperature was raised to 67 
°C.  Sodium hexafluorophosphate (0.027 g, 0.16 mmol) was then added and the mixture heated at 
reflux for 30 minutes. The solution was then allowed to cool to room temperature and left to stand 
overnight.  A light blue precipitate was formed – this was filtered off and washed with cold methanol 
and then pentane to yield the desired product 5 as a light blue solid. (0.037 g, 0.04 mmol, 50 %) MS 
(ESI+) m/z 638 (Calc for [M-2PF6]+ = 638 where M = C29H32Cu2F12N6O3P2); Elem. Anal. C29H32Cu2F12N6O3P2 
Calc. C 37.47, H 3.47, N 9.04, Found C 37.64, H 3.37, N 8.90% 
1,3-bis(bis(pyridin-2-ylmethyl)amino)propan-2-ol bis-nickel(II) hexafluorophosphate 
diacetate (6) 
1,3-bis(bis(pyridin-2-ylmethyl)amino)propan-2-ol (0.036 g, 0.08 mmol) was stirred in methanol (5 ml) 
at 55 °C.  Triethylamine (0.012 ml, 0.08 mmol) was added and the hot solution stirred for 10 minutes.  
Nickel acetate hydrate (0.032 g, 0.16 mmol) was then added and the temperature was raised to 67 °C.  
Sodium hexafluorophosphate (0.027 g, 0.16 mmol) was then added and the mixture heated at reflux 
for 30 minutes.  The solution was then allowed to cool to room temperature and placed in the freezer 
(-18 °C) for 2 weeks.  After this time, pink crystals had formed, which were removed by filtration. The 
mother liquor was then decanted and concentrated under nitrogen.  This methanolic solution was 
then placed in the fridge, and after slow diffusion of diethyl ether the di-nickel product 5 was obtained 
as large deep-blue crystals suitable for X-ray analysis. (0.020 g, 0.022 mmol, 25 %).  MS (ESI+) m/z 659 
(Calc. for [M-PF6-OAc-H]+ = 659 where M = C31H35F6N6Ni2O5P.MeOH); Elem. Anal. 
C31H35F6N6Ni2O5P·MeOH Calc. C 44.38, H 4.54, N 9.70, Found C 44.30, H 4.48, N 9.60% 
1,3-bis(bis(pyridin-2-ylmethyl)amino)propan-2-ol bis-zinc(II) bishexafluorophosphate 
acetate (7) 
This compound was prepared according to the method described by Fenton et al.100 L2 (0.05 g, 0.11 
mmol) was stirred in methanol (8 ml) at 55°C.  Triethylamine (0.015 ml, 0.11 mmol) was then added 
and the mixture stirred for 10 minutes.  The temperature was increased to 67°C and zinc acetate (0.04 
g, 0.22 mmol) was added.  Sodium hexafluorophosphate (0.037g, 0.22mmol) was then added and the 
mixture heated at reflux for 30 minutes.  The reaction was then allowed to cool to room temperature 
and left to stand overnight, yielding a white precipitate.  This precipitate was filtered off and washed 
with cold methanol then diethyl ether, giving 7 as a white solid. (0.04 g, 0.04 mmol, 40 %); 1H NMR 
(400 MHz, DMSO) δ 8.58 (dd, J = 12.2, 5.0 Hz, 4H, Py-H), 8.10 (m, 4H, Py-H), 7.67 – 7.52 (m, 8H, Py), 
4.38 – 4.20 (m, 6H, NCH-Py), 4.03 (d, J = 16.9 Hz, 2H, NCH-Py), 3.74 (t, J = 11.0 Hz, 1H, CH(OH)), 3.06 
(d, J = 12.06 Hz, 2H, NCHC), 2.04 (t, J = 11.5 Hz, 2H, NCHC); MS (ESI+) m/z 673 (calc for [M-2PF6-H]+ = 
673 where M = C29H32F12N6O3P2Zn2.MeOH); Elem. Anal. C29H32F12N6O3P2Zn2 Calc. C 37.32, H 3.46, N 
9.00, Found C 37.14, H 3.31, N 8.77% 
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Boc-protected Tyramine (10) 
 This compound was prepared according to the literature procedure described by Kwon et al.118  
Tyramine (1.003 g, 7.29 mmol) was stirred in THF (50 ml) and MeOH (10 ml) at 0 °C.  NEt3 (1.02ml, 7.29 
mmol) was added and the mixture stirred at 0 °C.  Boc2O (1.585 g, 7.29 mmol) was dissolved in a small 
amount of MeOH and added dropwise to the stirring solution.  The mixture was allowed to rise slowly 
to room temperature and then left to stir over night.  The solvent was then removed under rotary 
evaporation and the resulting residue was taken up in ethyl acetate (~30 ml) and washed 3 times with 
30 ml H2O.  The organic layer was then dried overnight with Na2SO4, filtered, and the solvent removed.  
The resulting brown oil was purified by silica column chromatography with 2:1 pentane/ ethyl acetate 
as the eluant to yield the desired product 10 as a white solid. (1.485 g, 6.26 mmol, 86%); 1H NMR (400 
MHz, CDCl3) δ 7.07 (d, J = 7.9 Hz, 2H, ArH), 6.80 (m, 2H, ArH),  5.16 (s, 1H, OH), 4.58 (s, 1H, NH), 3.36 
(m, J = 6.6 Hz, 2H, CH2), 2.74 (t, J = 7.2 Hz, 2H, CH2), 1.46  (s, 9H, Boc); MS (EI+) m/z 237 (Calc for [M+] 
= 237.14) 
Boc-protected 2,6-bis((bis(pyridin-2-ylmethyl)amino)methyl)-4-(2-aminoethyl)-phenol 
(11) 
This Mannich reaction was previously reported by Kwon et al.118 A 36% formaldehyde solution (4.4 ml, 
52.7 mmol) was stirred in ethanol (50 ml) at room temperature.  Di-2-picolylamine (7.59 ml, 42.2 
mmol) was dissolved in ethanol (10 ml) and added dropwise.  The temperature was then raised and 
the mixture stirred at reflux (80 °C) overnight.   Boc-protected tyramine (5 g, 21.1 mmol) was then 
added and the solution stirred at reflux for a further 5 days.  The reaction was then allowed to cool to 
room temperature and the solvent removed under vacuum.  The resulting residue was dissolved in 
ethyl acetate (60 ml) and washed 3 times with H2O (60 ml).  The organic layer was dried over Na2SO4, 
then filtered and the solvent removed.  The resulting crude mixture was purified on a silica column 
with DCM/EtOH/NEt3 (100:2:0.1) as eluent and finally recrystallized from 2:1 Pentane/Ethyl Acetate 
to yield the desired product 11 as a white solid.  (4.700 g, 7.12 mmol, 34%); 1H NMR (400 MHz, CDCl3)  
δ = 10.94 (s, 1H, OH), 8.52 (d, J=4.8, 4H, Py-H6), 7.60 (td, J=7.7, 1.29, 4H, Py-H4), 7.48 (d, J=7.5, 4H, Py-
H 3 ), 7.13  (t, J = 6.1, 4H, Py-H 5), 7.01 (s, 2H, ArH), 3.88 (s, 8H, N-CH2), 3.79 (s, 4H, Ar-CH2-N), 3.34 (m, 
J=7.4, 6.8, 2H, CH2 ), 2.70 (t, J=7.1, 2H, CH2), 1.89 (s, 1H, NH), 1.40 (s, 9H, Boc); MS (EI+) m/z 659 (Calc 
for [M]+ = 659.36) 
2,6-bis((bis(pyridin-2-ylmethyl)amino)methyl)-4-(2-aminoethyl)-phenol (12) 
The de-protection shown above was carried out according to a procedure described by Kwon et al.118  
Boc-protected 2,6-bis((bis(pyridin-2-ylmethyl)amino)methyl)-4-(2-aminoethyl)-phenol (1.172 g, 1.67 
mmol)was stirred in dichloromethane (40 ml).  As trifluoroacetic acid (4 ml, excess) was slowly added, 
the stirring solution became cloudy.  After stirring overnight, the solvent was removed under vacuum.  
The resulting residue was then taken up in DCM (40 ml) and neutralised with saturated NaHCO3 (aq) 
solution (40 ml) and then washed twice with H2O (80 ml).  The organic layer was dried over Na2SO4, 
filtered, and the solvent removed, giving the desired product 12 as a sticky brown solid. (0.815 g, 1.46 
mmol, 82%);  1H NMR (400 MHz, CDCl3) δ = 10.92 (s, 1H, OH), 8.48 (d, J=4.9, 4H, Py-H6), 7.56 (td, J=7.6, 
1.9, 4H, Py-H4), 7.42 (d, J=7.78, 4H, Py-H3), 7.09 (m, 4H, Py-H 5), 6.95 (s, 2H, ArH), 3.82 (s, 8H, N-CH2), 
3.70 (s, 4H, Ar-CH2-N), 2.99 (t, J=7.22, 2H, CH2), 2.74 (t, J=7.21, 2H, CH2); MS (ESI+) m/z 560 (Calc for 
[M+H]+ = 560.31) 
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Merrifield resin – ligand loading 
Compound 12 (0.601 g, 1.1 mmol) was stirred in Toluene (10 ml) and DMF (5 ml) with triethylamine 
(0.080 ml, 0.55 mmol) at 95 °C. Merrifield resin (Cl loading 5.5 mmol / g, 0.100 g, 0.55 mmol Cl) was 
added and the stirring solution was heated for a further 24 hours. A change in the resin colour from 
white to orange-brown was observed. The resin was then removed via filtration and washed with 
DMF, MeOH, DI water and acetone before drying under a flow of nitrogen until the weight no longer 
changed (0.152 g, 0.65 mmol / g loading, 11 %) 
HypoGel resin – ligand loading 
HypoGel resin (amine acylated with succinic acid, loading: 0.9 mmol / g, 0.203 g, 0.18 mmol) was 
swelled in 8 ml DMF. After 1 hour the solvent was removed by filtration. Compound 12 (0.200 g, 0.36 
mmol), EDCI·HCl (0.041 g, 0.216 mmol), HOBt (0.033 g, 0.216 mmol) and triethylamine (0.062 ml, 0.45 
mmol) were dissolved in DMF (8 ml) and this solution was shaken with the swollen resin at room 
temperature for 48 hours. Ligand uptake was monitored by HPLC analysis. After 48 hours the reaction 
solution was removed via filtration. The resin was washed once with 2 ml DMF and then with plenty 
DCM, DMF, MeOH and Et2O, before being dried under vacuum until the weight no longer changed 
(0.241 g, 0.29 mmol /g loading, 38 %) 
HypoGel resin – zinc loading (method 1) 
HypoGel resin loaded with 12 (loading: 0.29 mmol /g, 0.225 g, 0.065 mmol 12) was shaken in 10 mM 
HEPES buffer at pH 7 (5 ml) for 30 minutes to allow the resin to swell. After the buffer was removed 
by filtration, the resin was shaken in a HEPES buffered solution containing Zn(NO3)2·6H2O (0.076 g, 
0.26 mmol) at room temperature for 24 hours. After this time the solution was removed by filtration, 
and the resin was washed 3 times with 3 ml of buffer (30 min each), then with Milli-Q water, methanol 
and diethyl ether and finally dried under vacuum. The zinc concentration in the starting and final 
solutions, as well as in the 3 buffer washes, was quantified using UV/vis spectroscopy in conjunction 
with a colorimetric zinc indicator (PV). These concentration values were used to determine the 
amount of zinc uptaken by the resin. Zn content = 0.30 mmol / g (52 % sites filled) 
HypoGel resin – zinc loading (method 2) 
HypoGel resin loaded with 12 (loading: 0.25 mmol /g, 0.233 g, 0.059 mmol 12) was shaken in 10 mM 
HEPES buffer at pH 7 (5 ml) for 30 minutes to allow the resin to swell. After the buffer was removed 
by filtration, the resin was shaken in a HEPES buffered solution containing Zn(NO3)2·6H2O (0.073 g, 
0.24 mmol) at room temperature for 24 hours. After this time the solution was removed by filtration, 
and the resin was washed 3 times with 3 ml of buffer (30 min each). The cycle of shaking with 
Zn(NO3)2·6H2O in HEPES for 24 hours and then washing with buffer was repeated twice more. The 
resin was then washed with Milli-Q water, methanol and diethyl ether and finally dried under vacuum. 
The zinc concentration in each of the reaction solutions, as well as in the 9 buffer washes, was 
quantified using UV/vis spectroscopy in conjunction with a colorimetric zinc indicator (PV). These 
concentration values were used to determine the amount of zinc uptaken by the resin. Zn content = 
0.46 mmol / g (91 % sites filled) 
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1,4,7-tris(tert-butyloxycarbonyl)-1,4,7,10-tetraazacyclododecane (15) 
This compound was prepared following a modification of the literature procedure described by Wan 
et al.134  1,4,7,10-tetraazacyclododecane, or cyclen, (1.0 g, 5.81 mmol) was stirred in dry THF (100 ml) 
with triethylamine (2.5 ml, 17.27 mmol) under a nitrogen atmosphere. Di-tert-butyl dicarbonate (3.6 
g, 16.85 mmol) was dissolved in THF (100 ml) and added to the reaction mixture in portions over four 
hours. The reaction was then stirred at room temperature. After 24 hours, the solvent was removed 
under vacuum and the resulting residue was purified by silica chromatography with 3:1 ethyl 
acetate/hexane as the eluent. The product was obtained as an amorphous white solid. (2.450 g, 5.18 
mmol, 89%)  1H NMR (400 MHz, Chloroform-d) δ 3.65 (m, br,  4H, NCH2CH2N), 3.50 – 3.20 (m, br, 8H, 
NCH2CH2N) 2.86 (m, br, 4H, NCH2CH2N), 1.48 (s, 9H, OC(CH3)3), 1.46 (s, 18H, OC(CH3)3); MS (ESI+) m/z 
473 (calc. for [M+H]+ = 473 where M = C23H44N4O6) 
1-[(3-boronophenyl)methyl]-4,7,10-tris(tert-butyloxycarbonyl)-1,4,7,10-
tetraazacyclododecane (16) 
This compound was prepared according to the literature procedure described by Aoki et al.133 Tri-boc-
cyclen (0.97 g, 2.05 mmol) was stirred in dry acetonitrile (80 ml) with Na2CO3 (0.445 g, 4.20 mmol). 
The temperature was raised to 80°C and 3-(bromo-methyl)-phenyl boronic acid (0.485g, 2.26 mmol) 
was added. After 22 hours reflux, the reaction was allowed to cool and then filtered through a celite 
pad. The solvent was removed under vacuum and the residue purified by silica chromatography with 
a hexane/ethyl acetate gradient (40 - 100% ethyl acetate) as the eluent. The column was washed with 
ethyl acetate/ methanol (15% methanol) to ensure all the product was eluted. This yielded the desired 
product as a white solid. (0.705 g, 1.16 mmol, 57%) 1H NMR (400 MHz, Methanol-d4) δ 7.81 – 7.45 (m, 
2H, ArH), 7.42 – 7.27 (m, 2H, ArH), 3.81 (s, 2H, NCH2Ar ), 3.69 (m, 4H, NCH2CH2N ), 3.37 (m, 8H, 
NCH2CH2N), 2.70 (m, 4H, NCH2CH2N), 1.52 (s, 9H, OC(CH3)3), 1.47 (s, 18H, OC(CH3)3); MS (ESI+) m/z 
607.4 (calc. for [M+H]+ = 607.38 where M = C30H51BN4O8) 
1-[(3-boronophenyl)methyl]- 1,4,7,10-tetraazacyclododecane (17) 
This deprotection was carried out according to the literature procedure reported by Aoki et al.133 1-
[(3-boronophenyl)methyl]-4,7,10-tris(tert-butyloxycarbonyl)-1,4,7,10-tetraazacyclododecane (0.176 
g, 0.29 mmol) was stirred in dichloromethane (2 ml). Trifluoroacetic acid (1.25 ml, 16.29 mmol) was 
added and the mixture stirred overnight, during which time the solution changed from colourless to a 
light yellow colour. The volatiles were removed under a gentle flow of nitrogen gas, and the residue 
was then dried under high vacuum. The yellowish oil obtained was used in the next step without 
further purification. 1H NMR (400 MHz, D2O (pD 10)) δ 7.58 (d, J = 7.4, 1H), 7.55 (s, 1H), 7.35 (t, J = 7.4, 
1H), 7.22 (d, J = 7.4, 1H), 3.77 (s, 2H), 3.09 (t, br, 4H), 3.02 (t, br, 4H), 2.94 (m, 4H), 2.90 (t, br, 4H) ; 13C 
NMR (100 MHz, D2O (pD 10)) δ 134.6, 133.1, 131.7, 128.4, 127.9, 57.5, 48.6, 44.1, 42.1, 42; MS (ESI+) 
m/z 307.2 (calc. for [M+H]+ = 307.2 where M = C15H27BN4O2) 
1-[(3-boronophenyl)methyl]- 1,4,7,10-tetraazacyclododecanecopper (II) dinitrate (13) 
1-[(3-boronophenyl)methyl]- 1,4,7,10-tetraazacyclododecane (0.099 g, 0.33 mmol) was stirred in 
methanol (5 ml). Triethylamine was added until the solution reached pH 7. Cu(NO3)2·2.5H2O (0.075 g, 
0.33 mmol) was dissolved in methanol (3 ml) and added dropwise to the stirring solution. The colour 
of the solution rapidly changed from turquoise to dark blue. The mixture was then heated at 40°C for 
2 hours, and subsequently allowed to cool to room temperature. The solvent was removed under a 
flow of nitrogen gas, and the resulting residue was dissolved in a minimum amount of methanol. 
Diethyl ether was added dropwise to the solution until it became cloudy. This mixture was placed in 
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the fridge (4°C) overnight. The resulting precipitate was then filtered and washed with cold ethanol (-
20°C) to yield the desired complex as a deep blue powder. (0.070 g, 0.14 mmol, 42 %)  MS (ESI+) m/z 
431.1 (calc. for [M-NO3]+ = 431.14 where M = C15H27BN4O2Cu(NO3)2); Elem. Anal. 
C15H27BN4O2Cu(NO3)2∙0.5H2O Calc. C 35.83, H 5.61, N 16.72, Found C 35.87, H 5.34, N 16.50% 
1-[(3-boronophenyl)methyl]- 1,4,7,10-tetraazacyclododecanezinc (II) dinitrate (14) 
1-[(3-boronophenyl)methyl]- 1,4,7,10-tetraazacyclododecane (0.100 g, 0.33 mmol) was stirred in 
methanol (5 ml). Triethylamine was added until the solution reached pH 7. Zn(NO3)2·6H2O (0.098 g, 
0.33 mmol) was dissolved in methanol (3 ml) and added dropwise to the stirring solution. The mixture 
was heated at reflux for 2 hours, and subsequently allowed to cool to room temperature. The solvent 
was removed under a flow of nitrogen gas, and the resulting residue was then dissolved in a minimum 
amount of methanol. Diethyl ether was added dropwise to the solution until it became cloudy. This 
mixture was placed in the fridge (4°C) overnight. The resulting precipitate was then filtered and 
washed with cold ethanol (-20°C) to yield the desired complex as a white powder. (0.073 g, 0.15 mmol, 
45 %) 1H NMR (400 MHz, D2O (pD 7.5)) δ 7.74 (d, J = 7.4, 1H), 7.65 (s, 1H), 7.46 (t, J = 7.4, 1H), 7.40 (d, 
J = 7.4, 1H), 3.97 (s, 2H), 3.14 (m, 2H), 2.94 (m, 4H), 2.79 (m, 8H), 2.62 (m, 2H); 13C NMR (100 MHz, 
MeOD) δ 137.3, 134.8, 133.5, 129.1, 57.4, 50.6, 46.0, 45.2, 43.6; 11B NMR (128 MHz, MeOD) δ = 28 (s, 
br); MS (ESI+) m/z 415.1 (calc. for [M-NO3-OH]+ = 415.14 where M = C15H27BN4O2Zn(NO3)2); Elem. Anal. 
C15H27BN4O2Zn(NO3)2 Calc. C 36.35, H 5.49, N 19.96, Found C 36.36, H 5.50, N 16.56% 
Crystal data for 6: [C31H35N6Ni2O5](PF6)·MeOH, M = 866.08, monoclinic, P21/c (no. 14), a = 
10.52058(6), b = 14.41429(10), c = 24.21878(16) Å, β = 96.3228(6)°, V = 3650.36(4) Å3, Z = 4, Dc = 1.576 
g cm–3, μ(Cu-Kα) = 2.427 mm–1, T = 173 K, blue/pale blue dichroic blocky needles, Oxford Diffraction 
Xcalibur PX Ultra diffractometer; 7118 independent measured reflections (Rint = 0.0214), F2 
refinement,172 R1(obs) = 0.0282, wR2(all) = 0.0732, 6437 independent observed absorption-corrected 
reflections [|Fo| > 4σ(|Fo|), 2θmax = 145°], 486 parameters. CCDC  995883. 
Crystal data for 8: [C27H30N6NiO]2(PF6)·MeOH, M = 835.26, monoclinic, P21/c (no. 14), a = 18.5654(4), 
b = 10.6610(2), c = 17.5982(3) Å, β = 103.281(2)°, V = 3389.98(12) Å3, Z = 4, Dc = 1.637 g cm–3, μ(Cu-
Kα) = 0.771 mm–1, T = 173 K, colourless blocks, Oxford Diffraction Xcalibur PX Ultra diffractometer; 
11464 independent measured reflections (Rint = 0.0312), F2 refinement,172 R1(obs) = 0.0554, wR2(all) = 
0.1672, 8577 independent observed absorption-corrected reflections [|Fo| > 4σ(|Fo|), 2θmax = 66°], 
532 parameters.  
Crystal data for 9: [C68H76As2N12O12Zn4](BF4)2·2MeOH, M = 1902.43, monoclinic, P21/c (no. 14), a = 
19.3412(3), b = 14.3874(2), c = 28.4490(3) Å, β = 94.4691(12)°, V = 7892.42(18) Å3, Z = 4, Dc = 1.601 g 
cm–3, μ(Mo-Kα) = 2.121 mm–1, T = 173 K, colourless tablets, Oxford Diffraction Xcalibur 3 
diffractometer; 26853 independent measured reflections (Rint = 0.0405), F2 refinement,172 R1(obs) = 
0.0579, wR2(all) = 0.1416, 17000 independent observed absorption-corrected reflections [|Fo| > 
4σ(|Fo|), 2θmax = 66°], 1073 parameters. CCDC 995884. 
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6.3 Anion Binding Studies 
Screening by Indicator Displacement Assay  
5 mM stock solutions of each receptor were prepared in acetonitrile and stored at -18 °C.  A solution 
of 100 mM HEPES in Milli-Q water was adjusted to pH = 7.5 with 2 M NaOH and used as buffer.  A 5 
mM stock solution of PV indicator was prepared freshly as required using this buffer solution.  500 µM 
working solutions of receptors and indicator were prepared via a ten-fold dilution in buffer.  1 mM 
working solutions of Na2HAsO4∙7H2O, Na2HPO4 and (NH4)HSO4 were also prepared in 100 mM HEPES 
at pH 7.5 by dilution of 50 mM stocks. The general procedure for carrying out indicator displacement 
assays was as follows.  25 µL of PV working solution and 25 µL of receptor working solution were 
added to a series of wells on a 96 well plate.  1 and 10 equivalents of each anion were then added to 
the corresponding wells, and every solution was made to a final volume of 250 µL with HEPES buffer.  
The absorbance of each solution was then recorded at λ = 445 nm.  
Determination of Receptor: Indicator Stoichiometry by the Method of Continuous Variation 
(Job’s Plot) 
5 mM stock solutions of each receptor were prepared in acetonitrile and stored at -18 °C.  A solution 
of 100 mM HEPES in Milli-Q water was adjusted to pH = 7.5 with 2 M NaOH and used as buffer.  A 5 
mM stock solution of PV indicator was prepared freshly as required using this buffer solution.  250 µM 
working solutions of receptors and indicator were prepared via a twenty-fold dilution in buffer.  The 
general procedure for constructing the Job’s plot was as follows. PV and receptor working solution 
were added to 11 wells of a 96 well plate, such that each solution contained a different ratio of PV: 
receptors and that the total concentration of both was 50 µM (i.e. 0 PV : 1 receptor, 0.1 PV : 0.9 
receptor etc).The absorbance of each mixture at 445 nm was recorded and a plot of the change in 
absorbance multiplied by the mole fraction of PV vs the mole fraction of PV gave a parabola, from 
which the stoichiometry resulting in maximum PV: receptor complex formation could be deduced. 
Determination of Indicator Binding Constant 
5 mM stock solution of complex 3 was prepared in acetonitrile and stored at -18 °C.  A solution of 100 
mM HEPES in Milli-Q water was adjusted to pH = 7.5 with 2 M NaOH and used as buffer.  A 5 mM stock 
solution of PV indicator was prepared freshly as required using this buffer solution.  250 µM working 
solutions of receptor and indicator were prepared via a ten-fold dilution in buffer. 25 µL of PV working 
solution was added to a series of wells on a 96 well plate. Increasing volumes of 3 working solution 
were then added to each well up to 10 equivalents of receptor, with 10 increments between 0 and 1 
equivalents. Each solution was made to a total volume of 250 µL with HEPES buffer and the absorbance 
at 445 nm was recorded. A plot of absorbance vs receptor concentration yielded a binding curve which 
was fit using a 1: 1 binding model described by Hargrove et al.114 The procedure was identical for the 
other complexes studied here. 
Determination of Anion Binding Constants by Indicator Displacement Assay 
5 mM stock solution of complex 3 was prepared in acetonitrile and stored at -18 °C.  A solution of 100 
mM HEPES in Milli-Q water was adjusted to pH = 7.5 with 2 M NaOH and used as buffer.  A 5 mM stock 
solution of PV indicator was prepared freshly as required using this buffer solution.  500 µM working 
solutions of receptor and indicator were prepared via a ten-fold dilution in buffer.  1 mM working 
solutions of Na2HAsO4∙7H2O, Na2HPO4 and (NH4)HSO4 were also prepared in 100 mM HEPES at pH 7.5 
by dilution of 50 mM stocks. 25 µL of PV and 3 working solution were added to a series of wells on a 
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96 well plate. Increasing volumes of anion working solution were then added to each well up to 10 
equivalents of anion, with 10 increments between 0 and 1 equivalents. Each solution was made to a 
total volume of 250 µL with HEPES buffer and the absorbance at 445 nm was recorded. A plot of 
absorbance vs anion concentration yielded a binding curve which was fit using a displacement assays 
binding model described by Hargrove et al.114 
Isothermal Titration Calorimetry – complexes 1 - 7 
0.2 mM solutions of each receptor were prepared in 100 mM HEPES buffer at pH 7.5, and stored at   -
18 °C.  3 mM solutions of Na2HAsO4∙7H2O, Na2H2PO4 and (NH4)HSO4 were also prepared in 100 mM 
HEPES at pH 7.5 by dilution of 50 mM stocks. All solutions were filtered through a 0.45 µm syringe 
filter and degassed before use. ITC experiments were carried out using a MicroCal VP-ITC Micro 
Calorimeter. The basic procedure for the ITC experiments was as follows: a solution of receptor was 
stirred at constant temperature in the calorimetric cell. A solution of anion was then accurately 
titrated into the cell, and the heat change upon each addition was measured (or rather, the power 
required to maintain constant temperature with respect to a reference cell was measured). In a typical 
experiment there were 20 injections of 7 µL volume with 180 s spacing between each injection. The 
titration data was then integrated using MicroCal Origin software to produce a binding isotherm, from 
which K, ΔH and the stoichiometric parameter n could all be determined. 
Isothermal Titration Calorimetry – complexes 13 -14. 
2 mM solutions of 13 and 14 were prepared in 100 mM HEPES buffer at pH 7.5. 30 mM solutions of 
Na2HAsO4∙7H2O, Na2HPO4 and (NH4)HSO4 were also prepared in the same buffer. All solutions were 
filtered through a 0.45 µm syringe filter and degassed before use. The general procedure for these 
complexes was the same as for 1 – 7 described above. In a typical experiment there were 20 injections 
of 5 µL volume with 300 s spacing between each injection.  
UV-visible Spectroscopic Titrations  
Solutions of Na2HPO4, Na2HAsO4·7H2O, Na4P2O7·10H2O and copper complex 13 were prepared in 
HEPES buffer (10 or 100 mM) at pH 7.5. The interactions between each anion and 13 were studied by 
UV-vis spectroscopic titrations. In a typical experiment, 5 µL aliquots of anion working solution (ca 0.1 
M) were added to a cuvette containing 0.6 mM of 13, with the absorption spectrum being recorded 
after each addition. The anion working solution also contained complex 13 at 0.6 mM so the 
concentration of the receptor was not altered by dilution. The absorbance at a specific wavelength (λ 
= 595 nm) was then plot vs anion concentration to yield a binding curve from which the binding 
constant could be determined. Data fitting was carried out using Origin fitting software and a 1: 1 
binding equation/program script described by Hargrove et al.114 
NMR Spectroscopic Titrations 
10 mM solutions of L3 and 14 were prepared in D2O adjusted to pH 7.5 (and pD = pH + 0.4).173 High 
concentration (0.4 M) solutions of Na2HAsO4·7H2O or Na2HPO4 were prepared and added in 3 µL 
aliquots to the relevant compound in an NMR tube, and the spectra recorded after each addition. The 
anion stock solution also contained either 14 or L3 at 10 mM in order to avoid dilution effects. 
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A solution of 10 mM HEPES was prepared in D2O and the pH adjusted to 7.5 with 0.1 M NaOD. The 
titrations were also carried out as described in this buffer solution to avoid changes in pD during the 
experiments. 
DOSY NMR spectra were recorded after adjusting solutions to pH 7.5 with NaOD – buffer was not used 
in order to simplify the data interpretation. 
6.4 Analytical Methods 
Zinc Determination (UV/vis analysis)  
A 13.5 mM working solution of Zn(NO3)2∙6H2O was prepared in 10 mM HEPES at pH 7. Aliquots of this 
zinc standard were then added to a cuvette containing 100 µM PV, and the absorbance spectrum 
recorded after each addition. This data was used to produce a calibration line of absorbance at 605 
nm vs zinc concentration.  Aliquots were then taken from the zinc loading solutions and mixed with 
100 µM PV. The absorbance at 605 nm was recorded and the zinc concentration in the solutions could 
be determined. 
Electrochemical Determination of Arsenic 
Total arsenic concentrations in the sample were determined by Anodic Stripping Voltammetry (ASV) 
at a gold microwire electrode, similar to methods previously described by Salaün et al35 but using 
differential pulse rather than square wave as stripping technique. “Home-made” vibrating gold 
microwire (Working Electrode) and iridium wire (Auxiliary Electrode) electrodes were mounted onto 
a Metrohm 663 VA stand. A Metrohm Ag/AgCl electrode was used as the Reference. The diameter of 
the gold electrode was 25 µM, and it was cleaned twice daily by scanning the cyclic voltammogram 3 
times in 0.5 M H2SO4, using a deposition potential of -3 V for 30 s. In a typical ASV determination, the 
conditioning potential was 0.7 V for 3 s and the deposition potential was -1 V for 10 s. The ASV scan 
started at -0.2 V and ended at 0.1 V. The background current was determined by scanning the sample 
using a deposition time of only 1 s. Two additions of a Fluka analytical standard were made to the 
sample and the concentration was determined using the standard addition method. Upon addition to 
the voltammetric cell, samples were acidified to pH 1 and where necessary diluted with Milli-Q water 
in order that the arsenic concentration was kept within the linear range during the standard addition 
procedure. During measurements the microwire was vibrated with a motor to prevent build-up of gas 
bubbles at the electrode surface. Between additions the cell was stirred using a magnetic stirring bar. 
6.5 Adsorption Studies 
Arsenate Adsorption Isotherms 
A solution of 10 mM HEPES was prepared in Milli-Q water and adjusted to pH 7 with 1 M NaOH. A 
1000 ppm arsenic stock was prepared by dissolving Na2HAsO4∙7H2O in Milli-Q water with 0.1 M HCl, 
and a 100 ppm solution was prepared by subsequent dilution of the stock in buffer. In a typical 
isotherm study, 5 ml of buffer was added to each of 7 Luer lock syringes, fitted with a frit and cap. 
Varying volumes of the arsenic stock and working solutions were then added to the syringes, to give 
an arsenic concentration range from 1 ppm to 25 ppm. 5 mg of adsorbent was then added to each 
syringe, and the solution placed on an orbital shaker at 100 rpm for 24 hours. After this time, the 
shaking was stopped and each solution was removed by filtration and acidified with 0.1 M HCl. The 
arsenic concentration was then determined by DPASV. 
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Challenge Water Adsorption 
A solution containing Na2SiO3, NaHCO3, MgSO4, NaNO3, NaF, NaH2PO4∙H2O, CaCl2 and Na2HAsO4∙7H2O 
was prepared according to the procedure described for NSF Standard 53.155 The solution was adjusted 
to either pH 5 or pH 7 with 1 M HCl. In a typical experiment, 50 ml of this solution was added to a 
plastic bottle, followed by 5 mg of adsorbent. The bottle was then placed on an orbital shaker at 100 
rpm for 24 hours, after which time the shaking was stopped and a sample removed and acidified with 
0.1M HCl. The arsenic concentration was then determined by Differential Pulse Anodic Stripping 
Voltammetry. 
Adsorption pH Range 
Solutions over a pH range of 3 – 10 were prepared by buffering Milli-Q water with 10 mM sodium 
formate (pH 3), sodium acetate (pH 4 and 5), HEPES (pH 7 and 8) and sodium tetraborate (pH 9 and 
10). A 1000 ppm arsenic stock was prepared by dissolving Na2HAsO4∙7H2O in Milli-Q water with 0.1 M 
HCl. 50 ml of each buffer was added to separate reaction bottles, followed by 15 µL of As stock to give 
an initial arsenic concentration of 300 ppb. 5 mg of adsorbent was then added to the reaction 
solutions, and the bottles were placed on an orbital shaker at 100 rpm for 24 hours. After this time, 
the shaking was stopped and a sample removed and acidified with 0.1 M HCl, ready for analysis by 
DPASV. 
Adsorption from Groundwater 
A sample of groundwater was taken from a borehole at a water treatment site in the West Midlands. 
Upon collection the water was acidified to pH 1 with HCl to preserve the sample during storage. Prior 
to the adsorption experiments, the water was readjusted to pH 7 with 0.1 M NaOH. A 1000 ppm 
arsenic stock was prepared by dissolving Na2HAsO4∙7H2O in Milli-Q water containing 0.1 M HCl. The 
pH 7 groundwater was then spiked with arsenic stock to give an initial arsenic concentration of 1 ppm. 
5 ml of this solution was then added to a luer syringe fitted with a frit and lock, followed by 5 mg of 
adsorbent. After 24 hours shaking at 100 rpm, the solution was removed by filtration and acidified 
with 0.1 M HCl before analysis by DPASV. 
Regeneration of Zn-Hypogel 
5 ml of HEPES buffer (pH 7) and 15 µL of 1000 ppm arsenic stock were added to a luer syringe fitted 
with a frit and lock, followed by 5 mg of Zn-HypoGel-50 sorbent. After 24 hours of shaking at 100 rpm, 
the solution was removed by filtration and the concentration of arsenic remaining in solution was 
determined. A solution of 1.37 M NaCl was prepared and adjusted to pH 10 with 1 M NaOH. 5 ml of 
the brine was added to the As-laden sorbent and the syringe returned to the shaker. The arsenic 
concentration in the brine was determined after 24 hours – this process was repeated until no further 
arsenic was desorbed. The resin was then washed with copious Milli-Q water and buffer, before the 
next arsenic solution was added, and the adsorption/desorption cycle was repeated. 
This process was repeated using Zn-HypoGel-90 in the same manner except that a solution of 1 M 
NaOAc adjusted to pH 10 was used in place of the NaCl solution. 
Fixed-bed Column Studies 
1.4 g of Zn-HypoGel-90 was added to a glass column (length 15 cm, diameter 1 cm) fitted with a sinter 
and collection tap. The sorbent was packed with Milli-Q water, giving a wet bed depth of 3.5 cm. A 1.2 
cm layer of glass beads (particle size 150 – 200 µm) was added on top of the wet resin to act as a 
distributor. The column was washed with HEPES buffer (30 ml, 25 mM, pH 7). A solution of 10 ppm 
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AsV buffered to pH 7 with 25 mM HEPES was then passed through the column using a Watson-Marlow 
peristaltic pump. The influent concentration and the effluent concentration at various timepoints 
were then determined by DPASV. The column was regenerated by flowing through 1 M NaOAc at pH 
10 in the same manner. Challenge Water was prepared as described previously and passed through 
the regenerated column – the effluent was collected and acidified with 0.1 M HCl ready for analysis 
by DPASV. 
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8. Appendix 
8.1 Acetate Binding by Complex 3 
As crystal structures of 3 have been reported with acetate counter-ion bridging the zinc(II) centres, 
and acetate was used to regenerate Zn-HypoGel-90, displacement assays were carried out in order to 
determine whether binding of acetate would be significant. Acetate was added to a solution 
containing a 1:1 mixture of 3 and PV. 
 
Figure 78 – (a) UV-vis spectra of 50 µM PV, a 1: 1 mix of 3 and PV (both) 50 µM and 50 µM 3: PV in the presence of 10 
equivalents of acetate; and (b) extent of displacement of PV by each anion. All solutions prepared in 100 mM HEPES at 
pH 7.5. 
As shown in Figure 78 even addition of 10 equivalents of acetate to the solution induced only a very 
small change in the UV-vis spectrum. This shows that binding of acetate is insignificant compared with 
arsenate or phosphate. 
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8.2 Binding of PV by Complex 2 
As shown in Error! Reference source not found., nickel(II) complex 2 interacts very strongly with PV 
dye. The association constant was determined to be KPV = (3.88 ± 0.65) x 106 M-1 by fitting to a 1:1 
binding model described by Hargrove et al.114 
 
Figure 79 – Plot of absorbance at 445 nm upon addition of complex 2 to a solution of 25 µM PV in 100 mM HEPES at pH 
7.5. KPV = (3.88 ± 0.65) x 106 M-1. 
8.3 Interaction Between PV and Complex 4 
Binding of PV by metal complexes results in a decrease in absorbance at λ = 445 nm and an increase 
in absorbance at λ = 620 nm (visually a colour change of the dye from yellow to blue). This is shown 
by the black and red lines in Figure 80. However addition of PV to vanadyl complex 4 resulted in a 
change of colour from yellow to red which was not reversed by addition of anions. 
 
Figure 80 - UV-vis absorbance of 50 µM PV (black line), 50 µM PV + 50 µM complex 3 (red line) and 50 µM PV + 50 µM 
complex 4 (blue line). All solutions prepared in 100 mM HEPES at pH 7.5 
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8.4 Displacement Assay with Complex 5 
As a precipitate formed when 50 µM PV and 50 µM complex 5 were mixed in HEPES buffer during 
IDAs, these experiments were repeated at a lower concentration of PV and complex (25 µM). As shown 
in Figure 81 displacement of PV was observed although to a lesser extent than for zinc(II) complexes 
3 and 7. 
 
Figure 81 -  Change in absorbance at 445 nm upon addition of 1 equivalent (red) and 10 equivalents (blue) of each anion 
to a 1: 1 mixture of PV and complex 5 (25 µM) in 100 mM HEPES at pH 7.5. 
8.5 Sulphate Binding by Complexes 3 and 14 
Binding of sulphate by zinc(II) complexes 3 and 14 was not detected by ITC as shown in Figure 82 and 
Figure 83. 
 
Figure 82 - Raw and integrated ITC data obtained upon titration of 3 with sulphate in 100 mM HEPES at pH 7.5. 
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Figure 83 – Raw and integrated ITC data obtained upon titration of 14 with sulphate in 100 mM HEPES at pH 7.5. 
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8.6 2D NMR spectra of Ligand L3 
1H-1H COSY  
 
Figure 84 – 1H – 1H COSY NMR spectrum of ligand L3. 
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13C and 135DEPT 
 
 
Figure 85 – 13C NMR spectrum (red) and 135DEPT spectrum (blue) of ligand L3. 
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1H-13C HMQC 
 
Figure 86 – 1H – 13C HMQC NMR spectrum of ligand L3. 
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Figure 87 – Expansion of aromatic region of ligand L3 HMQC NMR spectrum. 
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1H – 13C HMBC 
 
Figure 88 – 1H – 13C HMBC NMR spectrum of ligand L3. 
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Figure 89 – Expansion of ligand L3 HMBC NMR spectrum. Ha could be assigned as such owing to the fact that it did not 
show a cross peak with Ce. 
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8.7 31P NMR Spectroscopic Titration 
Complex 14 was dissolved in D2O and titrated with sodium phosphate. The chemical shift of the 31P 
NMR signal was monitored with increasing anion concentration showing that phosphate was indeed 
interacting with this complex. 
 
 
Figure 90 – (a) 31P NMR spectra recorded upon titration of complex 14 with Na2HPO4 in D2O buffered with 10 mM HEPES 
and (b) plot of change in 31P chemical shift against phosphate concentration. 
8.8 X-ray Crystallographic Details 
Complex 6 
 
Table 12 – Crystal data and structure refinement for complex 6. 
Formula [C31 H35 N6 Ni2 O5](PF6), MeOH 
Formula weight 866.08 
Temperature 173 K 
Diffractometer, wavelength OD Xcalibur PX Ultra, 1.54184 Å 
Crystal system, space group Monoclinic, P2(1)/c 
Unit cell dimensions a = 10.52058(6) Å                  α = 90° 
 b = 14.41429(10) Å                β = 96.3228(6)° 
 c = 24.21878(16) Å                 γ = 90° 
Volume, Z 3650.36(4) Å3, 4 
Density (calculated) 1.576 Mg/m3 
Absorption coefficient 2.427 mm-1 
F(000) 1784 
[P]
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Crystal colour / morphology Blue/pale blue dichroic blocky needles 
Crystal size 0.30 x 0.19 x 0.15 mm3 
θ range for data collection 3.57 to 72.45° 
Index ranges -9<=h<=12, -17<=k<=17, -29<=l<=29 
Reflns collected / unique 28430 / 7118 [R(int) = 0.0214] 
Reflns observed [F>4σ(F)] 6437 
Absorption correction Analytical 
Max. and min. transmission 0.754 and 0.589 
Refinement method Full-matrix least-squares on F2 
Data / restraints / parameters 7118 / 1 / 486 
Goodness-of-fit on F2 1.028 
Final R indices [F>4σ(F)] R1 = 0.0282, wR2 = 0.0710 
R indices (all data) R1 = 0.0320, wR2 = 0.0732 
Extinction coefficient 0.00037(5) 
Largest diff. peak, hole 0.414, -0.326 eÅ-3 
 
Table 13 – Bond lengths (Å) for the crystal structure of 6 
Ni(1)-O(20) 1.9720(10)  C(14)-C(19) 1.382(2) 
Ni(1)-O(40) 2.0261(10)  N(15)-C(16) 1.340(2) 
Ni(1)-N(15) 2.0712(13)  C(16)-C(17) 1.382(2) 
Ni(1)-N(8) 2.0913(13)  C(17)-C(18) 1.381(3) 
Ni(1)-N(1) 2.1108(12)  C(18)-C(19) 1.381(3) 
Ni(1)-O(45) 2.1240(11)  C(21)-C(22) 1.511(2) 
Ni(2)-O(20) 1.9738(10)  C(22)-N(23) 1.338(2) 
Ni(2)-O(42) 2.0348(11)  C(22)-C(27) 1.389(2) 
Ni(2)-N(23) 2.0625(13)  N(23)-C(24) 1.341(2) 
Ni(2)-N(30) 2.0714(13)  C(24)-C(25) 1.379(3) 
Ni(2)-O(47) 2.0837(11)  C(25)-C(26) 1.386(3) 
Ni(2)-N(5) 2.1173(13)  C(26)-C(27) 1.380(3) 
N(1)-C(13) 1.474(2)  C(28)-C(29) 1.514(2) 
N(1)-C(6) 1.482(2)  C(29)-N(30) 1.340(2) 
N(1)-C(2) 1.482(2)  C(29)-C(34) 1.387(2) 
C(2)-C(3) 1.546(2)  N(30)-C(31) 1.343(2) 
C(3)-O(20) 1.3950(17)  C(31)-C(32) 1.380(2) 
C(3)-C(4) 1.542(2)  C(32)-C(33) 1.380(3) 
C(4)-N(5) 1.479(2)  C(33)-C(34) 1.382(3) 
N(5)-C(28) 1.480(2)  O(40)-C(41) 1.2597(19) 
N(5)-C(21) 1.481(2)  C(41)-O(42) 1.2566(19) 
C(6)-C(7) 1.508(2)  C(41)-C(43) 1.510(2) 
C(7)-N(8) 1.337(2)  O(45)-C(46) 1.2715(19) 
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C(7)-C(12) 1.387(2)  C(46)-O(47) 1.2455(19) 
N(8)-C(9) 1.342(2)  C(46)-C(48) 1.510(2) 
C(9)-C(10) 1.379(3)    
C(10)-C(11) 1.382(3)    
C(11)-C(12) 1.379(3)    
C(13)-C(14) 1.514(2)    
C(14)-N(15) 1.343(2)    
 
Table 14 – Bond angles (°) for crystal structure of 6 
O(20)-Ni(1)-O(40) 102.13(4)  C(7)-N(8)-Ni(1) 113.58(10) 
O(20)-Ni(1)-N(15) 162.53(5)  C(9)-N(8)-Ni(1) 127.03(11) 
O(40)-Ni(1)-N(15) 95.29(5)  N(8)-C(9)-C(10) 123.01(16) 
O(20)-Ni(1)-N(8) 87.49(5)  C(9)-C(10)-C(11) 118.09(16) 
O(40)-Ni(1)-N(8) 93.71(5)  C(12)-C(11)-C(10) 119.39(17) 
N(15)-Ni(1)-N(8) 90.17(5)  C(11)-C(12)-C(7) 119.19(16) 
O(20)-Ni(1)-N(1) 81.58(5)  N(1)-C(13)-C(14) 110.41(12) 
O(40)-Ni(1)-N(1) 174.64(5)  N(15)-C(14)-C(19) 121.51(15) 
N(15)-Ni(1)-N(1) 80.95(5)  N(15)-C(14)-C(13) 115.99(13) 
N(8)-Ni(1)-N(1) 82.53(5)  C(19)-C(14)-C(13) 122.47(15) 
O(20)-Ni(1)-O(45) 91.74(4)  C(16)-N(15)-C(14) 119.13(14) 
O(40)-Ni(1)-O(45) 90.46(4)  C(16)-N(15)-Ni(1) 127.33(11) 
N(15)-Ni(1)-O(45) 89.35(5)  C(14)-N(15)-Ni(1) 113.33(10) 
N(8)-Ni(1)-O(45) 175.82(5)  N(15)-C(16)-C(17) 122.27(16) 
N(1)-Ni(1)-O(45) 93.29(5)  C(18)-C(17)-C(16) 118.54(17) 
O(20)-Ni(2)-O(42) 101.26(4)  C(19)-C(18)-C(17) 119.30(16) 
O(20)-Ni(2)-N(23) 88.01(5)  C(18)-C(19)-C(14) 119.19(16) 
O(42)-Ni(2)-N(23) 93.70(5)  C(3)-O(20)-Ni(1) 117.10(9) 
O(20)-Ni(2)-N(30) 163.66(5)  C(3)-O(20)-Ni(2) 115.48(9) 
O(42)-Ni(2)-N(30) 95.01(5)  Ni(1)-O(20)-Ni(2) 114.57(5) 
N(23)-Ni(2)-N(30) 92.49(5)  N(5)-C(21)-C(22) 113.76(13) 
O(20)-Ni(2)-O(47) 90.96(4)  N(23)-C(22)-C(27) 121.36(15) 
O(42)-Ni(2)-O(47) 90.96(5)  N(23)-C(22)-C(21) 117.72(14) 
N(23)-Ni(2)-O(47) 175.33(5)  C(27)-C(22)-C(21) 120.90(15) 
N(30)-Ni(2)-O(47) 87.21(5)  C(22)-N(23)-C(24) 119.18(14) 
O(20)-Ni(2)-N(5) 83.51(5)  C(22)-N(23)-Ni(2) 114.83(10) 
O(42)-Ni(2)-N(5) 173.79(5)  C(24)-N(23)-Ni(2) 125.43(11) 
N(23)-Ni(2)-N(5) 82.41(5)  N(23)-C(24)-C(25) 122.53(16) 
N(30)-Ni(2)-N(5) 80.37(5)  C(24)-C(25)-C(26) 118.47(17) 
O(47)-Ni(2)-N(5) 92.95(5)  C(27)-C(26)-C(25) 119.13(17) 
C(13)-N(1)-C(6) 111.64(12)  C(26)-C(27)-C(22) 119.31(17) 
C(13)-N(1)-C(2) 112.90(12)  N(5)-C(28)-C(29) 110.01(13) 
C(6)-N(1)-C(2) 112.68(13)  N(30)-C(29)-C(34) 121.59(15) 
C(13)-N(1)-Ni(1) 105.66(9)  N(30)-C(29)-C(28) 115.87(13) 
C(6)-N(1)-Ni(1) 109.84(9)  C(34)-C(29)-C(28) 122.47(15) 
C(2)-N(1)-Ni(1) 103.54(9)  C(29)-N(30)-C(31) 119.18(14) 
N(1)-C(2)-C(3) 111.08(12)  C(29)-N(30)-Ni(2) 113.38(10) 
O(20)-C(3)-C(4) 110.54(12)  C(31)-N(30)-Ni(2) 127.44(11) 
O(20)-C(3)-C(2) 110.38(12)  N(30)-C(31)-C(32) 122.37(16) 
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C(4)-C(3)-C(2) 108.08(13)  C(33)-C(32)-C(31) 118.23(16) 
N(5)-C(4)-C(3) 110.78(12)  C(32)-C(33)-C(34) 119.90(16) 
C(4)-N(5)-C(28) 113.88(12)  C(33)-C(34)-C(29) 118.69(17) 
C(4)-N(5)-C(21) 112.74(13)  C(41)-O(40)-Ni(1) 133.38(10) 
C(28)-N(5)-C(21) 111.74(12)  O(42)-C(41)-
O(40) 
126.58(13) 
C(4)-N(5)-Ni(2) 103.25(9)  O(42)-C(41)-C(43) 117.23(13) 
C(28)-N(5)-Ni(2) 104.71(9)  O(40)-C(41)-C(43) 116.18(13) 
C(21)-N(5)-Ni(2) 109.79(9)  C(41)-O(42)-Ni(2) 128.00(10) 
N(1)-C(6)-C(7) 114.59(13)  C(46)-O(45)-Ni(1) 124.96(10) 
N(8)-C(7)-C(12) 121.69(15)  O(47)-C(46)-
O(45) 
126.81(14) 
N(8)-C(7)-C(6) 117.83(14)  O(47)-C(46)-C(48) 116.55(15) 
C(12)-C(7)-C(6) 120.36(14)  O(45)-C(46)-C(48) 116.63(14) 
C(7)-N(8)-C(9) 118.62(14)  C(46)-O(47)-Ni(2) 135.88(10) 
 
Complex 8 
Table 15 – Crystal data and structure refinement for complex 8. 
Formula C27 H30 N6 Ni O, 2(F6 P), C H4 O 
Formula weight 835.26 
Temperature 173 K 
Diffractometer, wavelength OD Xcalibur 3, 0.71073 Å 
Crystal system, space group Monoclinic, P2(1)/c 
Unit cell dimensions a = 18.5654(4) Å                         α = 90° 
 b = 10.6610(2) Å                         β = 103.281(2)° 
 c = 17.5982(3) Å                          γ = 90° 
Volume, Z 3389.98(12) Å3, 4 
Density (calculated) 1.637 Mg/m3 
Absorption coefficient 0.771 mm-1 
F(000) 1704 
Crystal colour / morphology Colourless blocks 
Crystal size 0.27 x 0.26 x 0.04 mm3 
Θ range for data collection 3.37 to 32.70° 
Index ranges -26<=h<=27, -16<=k<=14, -26<=l<=26 
Reflns collected / unique 38722 / 11464 [R(int) = 0.0312] 
Reflns observed [F>4σ(F)] 8577 
Absorption correction Analytical 
Max. and min. transmission 0.967 and 0.831 
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Refinement method Full-matrix least-squares on F2 
Data / restraints / parameters 11464 / 864 / 532 
Goodness-of-fit on F2 1.079 
Final R indices [F>4σ(F)] R1 = 0.0554, wR2 = 0.1530 
R indices (all data) R1 = 0.0804, wR2 = 0.1672 
Largest diff. peak, hole 2.707, -0.476 eÅ-3 
Mean and maximum shift/error 0.000 and 0.000 
 
Table 16 – Bond lengths (Å) for the crystal structure of complex 8. 
Ni-N(23) 2.0940(18)  C(13)-C(14) 1.510(3) 
Ni-N(8) 2.0966(19)  C(14)-N(15) 1.349(3) 
Ni-N(30) 2.097(2)  C(14)-C(19) 1.390(3) 
Ni-N(15) 2.0985(19)  N(15)-C(16) 1.342(3) 
Ni-N(1) 2.1101(19)  C(16)-C(17) 1.382(4) 
Ni-N(5) 2.1308(19)  C(17)-C(18) 1.384(4) 
N(1)-C(2) 1.484(3)  C(18)-C(19) 1.373(4) 
N(1)-C(13) 1.496(3)  C(21)-C(22) 1.504(3) 
N(1)-C(6) 1.497(3)  C(22)-N(23) 1.351(3) 
C(2)-C(3) 1.521(4)  C(22)-C(27) 1.383(3) 
C(3)-O(20) 1.416(4)  N(23)-C(24) 1.349(3) 
C(3)-C(4) 1.553(4)  C(24)-C(25) 1.382(4) 
C(4)-N(5) 1.484(3)  C(25)-C(26) 1.381(4) 
N(5)-C(21) 1.492(3)  C(26)-C(27) 1.375(4) 
N(5)-C(28) 1.498(3)  C(28)-C(29) 1.498(4) 
C(6)-C(7) 1.508(3)  C(29)-N(30) 1.339(3) 
C(7)-N(8) 1.353(3)  C(29)-C(34) 1.394(4) 
C(7)-C(12) 1.385(3)  N(30)-C(31) 1.351(3) 
N(8)-C(9) 1.333(3)  C(31)-C(32) 1.379(4) 
C(9)-C(10) 1.383(3)  C(32)-C(33) 1.386(5) 
C(10)-C(11) 1.377(4)  C(33)-C(34) 1.379(5) 
C(11)-C(12) 1.396(4)    
 
Table 17 – Bond angles (°) for the crystal structure of complex 8. 
N(23)-Ni-N(8) 105.84(8)  C(7)-N(8)-Ni 112.07(16) 
N(23)-Ni-N(30) 85.73(8)  N(8)-C(9)-C(10) 122.9(2) 
N(8)-Ni-N(30) 95.91(8)  C(11)-C(10)-C(9) 118.7(2) 
N(23)-Ni-N(15) 97.10(7)  C(10)-C(11)-C(12) 119.3(2) 
N(8)-Ni-N(15) 89.34(8)  C(7)-C(12)-C(11) 118.6(2) 
N(30)-Ni-N(15) 173.15(8)  N(1)-C(13)-C(14) 112.94(18) 
N(23)-Ni-N(1) 174.25(8)  N(15)-C(14)-C(19) 121.8(2) 
N(8)-Ni-N(1) 79.84(8)  N(15)-C(14)-C(13) 117.1(2) 
N(30)-Ni-N(1) 94.66(8)  C(19)-C(14)-C(13) 121.0(2) 
N(15)-Ni-N(1) 81.90(7)  C(16)-N(15)-C(14) 118.2(2) 
 151 
 
N(23)-Ni-N(5) 81.42(8)  C(16)-N(15)-Ni 126.93(16) 
N(8)-Ni-N(5) 172.23(8)  C(14)-N(15)-Ni 114.20(15) 
N(30)-Ni-N(5) 81.70(8)  N(15)-C(16)-C(17) 123.1(2) 
N(15)-Ni-N(5) 92.52(8)  C(16)-C(17)-C(18) 118.2(3) 
N(1)-Ni-N(5) 92.95(8)  C(19)-C(18)-C(17) 119.6(3) 
C(2)-N(1)-C(13) 112.14(19)  C(18)-C(19)-C(14) 119.2(2) 
C(2)-N(1)-C(6) 108.48(19)  N(5)-C(21)-C(22) 111.21(19) 
C(13)-N(1)-C(6) 109.70(18)  N(23)-C(22)-C(27) 122.0(2) 
C(2)-N(1)-Ni 113.07(14)  N(23)-C(22)-C(21) 115.71(19) 
C(13)-N(1)-Ni 110.02(13)  C(27)-C(22)-C(21) 122.3(2) 
C(6)-N(1)-Ni 103.01(14)  C(24)-N(23)-C(22) 118.15(19) 
N(1)-C(2)-C(3) 117.2(2)  C(24)-N(23)-Ni 128.28(17) 
O(20)-C(3)-C(2) 111.3(2)  C(22)-N(23)-Ni 112.65(15) 
O(20)-C(3)-C(4) 105.1(2)  N(23)-C(24)-C(25) 122.3(2) 
C(2)-C(3)-C(4) 118.1(2)  C(26)-C(25)-C(24) 119.1(2) 
N(5)-C(4)-C(3) 115.2(2)  C(27)-C(26)-C(25) 119.0(2) 
C(4)-N(5)-C(21) 107.37(19)  C(26)-C(27)-C(22) 119.4(2) 
C(4)-N(5)-C(28) 111.66(19)  N(5)-C(28)-C(29) 114.18(19) 
C(21)-N(5)-C(28) 110.45(19)  N(30)-C(29)-C(34) 121.6(2) 
C(4)-N(5)-Ni 112.71(14)  N(30)-C(29)-C(28) 118.8(2) 
C(21)-N(5)-Ni 103.99(13)  C(34)-C(29)-C(28) 119.5(2) 
C(28)-N(5)-Ni 110.34(15)  C(29)-N(30)-C(31) 118.7(2) 
N(1)-C(6)-C(7) 108.77(19)  C(29)-N(30)-Ni 114.78(17) 
N(8)-C(7)-C(12) 121.9(2)  C(31)-N(30)-Ni 126.49(17) 
N(8)-C(7)-C(6) 115.4(2)  N(30)-C(31)-C(32) 122.5(3) 
C(12)-C(7)-C(6) 122.6(2)  C(31)-C(32)-C(33) 118.7(3) 
C(9)-N(8)-C(7) 118.6(2)  C(34)-C(33)-C(32) 119.1(3) 
C(9)-N(8)-Ni 128.92(16)  C(33)-C(34)-C(29) 119.3(3) 
 
Complex 9 
 
Table 18 – Crystal data and structure refinement for complex 9. 
Formula [C68 H76 As2 N12 O12 Zn4](BF4)2, 2MeOH 
Formula weight 1902.43 
Temperature 173 K 
Diffractometer, wavelength OD Xcalibur 3, 0.71073 Å 
Crystal system, space group Monoclinic, P2(1)/c 
Unit cell dimensions a = 19.3412(3) Å                       α = 90° 
 b = 14.3874(2) Å                       β = 94.4691(12)° 
 c = 28.4490(3) Å                        γ = 90° 
Volume, Z 7892.42(18) Å3, 4 
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Density (calculated) 1.601 Mg/m3 
Absorption coefficient 2.121 mm-1 
F(000) 3872 
Crystal colour / morphology Colourless tablets 
Crystal size 0.32 x 0.21 x 0.08 mm3 
θ range for data collection 3.00 to 32.75° 
Index ranges -27<=h<=29, -19<=k<=21, -42<=l<=42 
Reflns collected / unique 90223 / 26853 [R(int) = 0.0405] 
Reflns observed [F>4σ (F)] 17000 
Absorption correction Analytical 
Max. and min. transmission 0.851 and 0.596 
Refinement method Full-matrix least-squares on F2 
Data / restraints / parameters 26853 / 565 / 1073 
Goodness-of-fit on F2 1.068 
Final R indices [F>4σ(F)] R1 = 0.0579, wR2 = 0.1242 
R indices (all data) R1 = 0.1018, wR2 = 0.1416 
Largest diff. peak, hole 1.190, -0.739 eÅ-3 
Mean and maximum shift/error 0.000 and 0.002 
 
Table 19 – Bond lengths (Å) for the crystal structure of 9 
Zn(1)-O(81) 2.019(2)  N(26)-C(27) 1.478(4) 
Zn(1)-O(1) 2.053(2)  C(27)-C(28) 1.514(6) 
Zn(1)-O(91) 2.096(2)  C(28)-N(29) 1.342(4) 
Zn(1)-N(12) 2.177(3)  C(28)-C(33) 1.384(6) 
Zn(1)-N(19) 2.228(3)  N(29)-C(30) 1.333(6) 
Zn(1)-N(9) 2.229(3)  C(30)-C(31) 1.379(6) 
Zn(2)-O(92) 2.036(2)  C(31)-C(32) 1.370(7) 
Zn(2)-O(1) 2.064(2)  C(32)-C(33) 1.375(8) 
Zn(2)-O(82) 2.076(2)  C(34)-C(35) 1.515(5) 
Zn(2)-N(29) 2.176(3)  C(35)-N(36) 1.339(5) 
Zn(2)-N(36) 2.198(3)  C(35)-C(40) 1.383(6) 
Zn(2)-N(26) 2.257(3)  N(36)-C(37) 1.338(5) 
Zn(3)-O(83) 2.049(2)  C(37)-C(38) 1.376(6) 
Zn(3)-O(100) 2.127(2)  C(38)-C(39) 1.375(7) 
Zn(3)-N(52) 2.132(3)  C(39)-C(40) 1.384(6) 
Zn(3)-O(41) 2.144(2)  O(41)-C(42) 1.351(4) 
Zn(3)-N(49) 2.230(3)  C(42)-C(43) 1.399(5) 
Zn(3)-N(59) 2.238(3)  C(42)-C(47) 1.409(5) 
Zn(4)-O(93) 2.046(2)  C(43)-C(44) 1.398(5) 
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Zn(4)-O(101) 2.109(2)  C(43)-C(48) 1.507(5) 
Zn(4)-N(69) 2.128(3)  C(44)-C(45) 1.387(6) 
Zn(4)-O(41) 2.156(3)  C(45)-C(46) 1.385(6) 
Zn(4)-N(76) 2.231(3)  C(45)-C(64) 1.517(5) 
Zn(4)-N(66) 2.239(3)  C(46)-C(47) 1.393(5) 
As(1)-O(82) 1.660(2)  C(47)-C(65) 1.497(5) 
As(1)-O(81) 1.665(2)  C(48)-N(49) 1.475(5) 
As(1)-O(83) 1.677(2)  N(49)-C(57) 1.480(5) 
As(1)-O(84) 1.755(2)  N(49)-C(50) 1.480(5) 
As(2)-O(91) 1.659(2)  C(50)-C(51) 1.508(6) 
As(2)-O(92) 1.660(2)  C(51)-N(52) 1.337(4) 
As(2)-O(93) 1.680(2)  C(51)-C(56) 1.393(6) 
As(2)-O(94') 1.718(10)  N(52)-C(53) 1.346(5) 
As(2)-O(94) 1.779(4)  C(53)-C(54) 1.371(6) 
O(1)-C(2) 1.347(4)  C(54)-C(55) 1.390(6) 
C(2)-C(3) 1.398(5)  C(55)-C(56) 1.372(7) 
C(2)-C(7) 1.411(5)  C(57)-C(58) 1.502(5) 
C(3)-C(4) 1.400(5)  C(58)-N(59) 1.348(5) 
C(3)-C(8) 1.499(5)  C(58)-C(63) 1.387(5) 
C(4)-C(5) 1.389(6)  N(59)-C(60) 1.345(5) 
C(5)-C(6) 1.375(6)  C(60)-C(61) 1.381(6) 
C(5)-C(24) 1.520(5)  C(61)-C(62) 1.380(7) 
C(6)-C(7) 1.399(5)  C(62)-C(63) 1.377(6) 
C(7)-C(25) 1.502(5)  C(65)-N(66) 1.485(5) 
C(8)-N(9) 1.489(5)  N(66)-C(74) 1.473(4) 
N(9)-C(17) 1.475(5)  N(66)-C(67) 1.479(4) 
N(9)-C(10) 1.478(5)  C(67)-C(68) 1.502(5) 
C(10)-C(11) 1.503(6)  C(68)-N(69) 1.348(4) 
C(11)-N(12) 1.332(5)  C(68)-C(73) 1.390(5) 
C(11)-C(16) 1.393(5)  N(69)-C(70) 1.335(5) 
N(12)-C(13) 1.343(5)  C(70)-C(71) 1.381(6) 
C(13)-C(14) 1.384(5)  C(71)-C(72) 1.382(7) 
C(14)-C(15) 1.374(7)  C(72)-C(73) 1.364(6) 
C(15)-C(16) 1.373(7)  C(74)-C(75) 1.501(6) 
C(17)-C(18) 1.504(5)  C(75)-N(76) 1.347(5) 
C(18)-N(19) 1.346(5)  C(75)-C(80) 1.394(5) 
C(18)-C(23) 1.380(5)  N(76)-C(77) 1.335(5) 
N(19)-C(20) 1.349(5)  C(77)-C(78) 1.386(6) 
C(20)-C(21) 1.381(5)  C(78)-C(79) 1.378(6) 
C(21)-C(22) 1.384(6)  C(79)-C(80) 1.372(7) 
C(22)-C(23) 1.382(6)  O(84)-C(85) 1.431(5) 
C(25)-N(26) 1.480(4)  O(94)-C(95) 1.422(8) 
N(26)-C(34) 1.474(5)  O(94')-C(95') 1.435(15) 
 
Table 20 – Bond angles (°) for the crystal structure of 9 
O(81)-Zn(1)-O(1) 99.79(9)  C(20)-C(21)-C(22) 118.3(4) 
O(81)-Zn(1)-
O(91) 
92.24(10)  C(23)-C(22)-C(21) 119.7(4) 
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O(1)-Zn(1)-O(91) 92.65(9)  C(18)-C(23)-C(22) 119.0(4) 
O(81)-Zn(1)-
N(12) 
91.74(11)  N(26)-C(25)-C(7) 110.8(3) 
O(1)-Zn(1)-N(12) 93.08(10)  C(34)-N(26)-C(27) 110.8(3) 
O(91)-Zn(1)-
N(12) 
172.38(11)  C(34)-N(26)-C(25) 110.8(3) 
O(81)-Zn(1)-
N(19) 
99.61(11)  C(27)-N(26)-C(25) 111.6(3) 
O(1)-Zn(1)-N(19) 159.22(11)  C(34)-N(26)-Zn(2) 104.28(19) 
O(91)-Zn(1)-
N(19) 
79.21(10)  C(27)-N(26)-Zn(2) 108.6(2) 
N(12)-Zn(1)-
N(19) 
93.72(10)  C(25)-N(26)-Zn(2) 110.5(2) 
O(81)-Zn(1)-N(9) 166.39(11)  N(26)-C(27)-C(28) 112.1(3) 
O(1)-Zn(1)-N(9) 88.55(10)  N(29)-C(28)-C(33) 121.1(4) 
O(91)-Zn(1)-N(9) 98.14(11)  N(29)-C(28)-C(27) 116.7(3) 
N(12)-Zn(1)-N(9) 76.99(12)  C(33)-C(28)-C(27) 122.2(4) 
N(19)-Zn(1)-N(9) 73.92(11)  C(30)-N(29)-C(28) 119.2(3) 
O(92)-Zn(2)-O(1) 101.79(9)  C(30)-N(29)-Zn(2) 123.1(3) 
O(92)-Zn(2)-
O(82) 
93.52(10)  C(28)-N(29)-Zn(2) 115.5(3) 
O(1)-Zn(2)-O(82) 90.83(9)  N(29)-C(30)-C(31) 122.7(4) 
O(92)-Zn(2)-
N(29) 
93.64(11)  C(32)-C(31)-C(30) 118.0(5) 
O(1)-Zn(2)-N(29) 90.81(10)  C(31)-C(32)-C(33) 120.2(5) 
O(82)-Zn(2)-
N(29) 
172.17(11)  C(32)-C(33)-C(28) 118.9(4) 
O(92)-Zn(2)-
N(36) 
96.84(11)  N(26)-C(34)-C(35) 110.4(3) 
O(1)-Zn(2)-N(36) 160.29(11)  N(36)-C(35)-C(40) 121.5(4) 
O(82)-Zn(2)-
N(36) 
81.61(10)  N(36)-C(35)-C(34) 116.2(3) 
N(29)-Zn(2)-
N(36) 
94.39(12)  C(40)-C(35)-C(34) 122.3(4) 
O(92)-Zn(2)-
N(26) 
167.24(10)  C(37)-N(36)-C(35) 119.0(3) 
O(1)-Zn(2)-N(26) 87.82(10)  C(37)-N(36)-Zn(2) 126.3(3) 
O(82)-Zn(2)-
N(26) 
94.72(10)  C(35)-N(36)-Zn(2) 114.3(2) 
N(29)-Zn(2)-
N(26) 
77.70(11)  N(36)-C(37)-C(38) 122.9(4) 
N(36)-Zn(2)-
N(26) 
74.79(10)  C(39)-C(38)-C(37) 118.1(4) 
O(83)-Zn(3)-
O(100) 
96.42(9)  C(38)-C(39)-C(40) 119.7(4) 
O(83)-Zn(3)-
N(52) 
92.47(10)  C(35)-C(40)-C(39) 118.9(4) 
O(100)-Zn(3)-
N(52) 
170.77(10)  C(42)-O(41)-Zn(3) 114.2(2) 
O(83)-Zn(3)- 94.49(9)  C(42)-O(41)-Zn(4) 116.9(2) 
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O(41) 
O(100)-Zn(3)-
O(41) 
86.39(10)  Zn(3)-O(41)-Zn(4) 128.90(10) 
N(52)-Zn(3)-
O(41) 
90.46(11)  O(41)-C(42)-C(43) 120.6(3) 
O(83)-Zn(3)-
N(49) 
170.75(11)  O(41)-C(42)-C(47) 120.9(3) 
O(100)-Zn(3)-
N(49) 
92.42(11)  C(43)-C(42)-C(47) 118.5(3) 
N(52)-Zn(3)-
N(49) 
78.82(12)  C(44)-C(43)-C(42) 119.8(4) 
O(41)-Zn(3)-
N(49) 
88.76(10)  C(44)-C(43)-C(48) 120.7(3) 
O(83)-Zn(3)-
N(59) 
102.84(10)  C(42)-C(43)-C(48) 119.5(3) 
O(100)-Zn(3)-
N(59) 
84.55(11)  C(45)-C(44)-C(43) 122.4(4) 
N(52)-Zn(3)-
N(59) 
95.91(12)  C(46)-C(45)-C(44) 117.2(3) 
O(41)-Zn(3)-
N(59) 
161.22(11)  C(46)-C(45)-C(64) 121.5(4) 
N(49)-Zn(3)-
N(59) 
75.25(11)  C(44)-C(45)-C(64) 121.3(4) 
O(93)-Zn(4)-
O(101) 
95.62(9)  C(45)-C(46)-C(47) 122.4(4) 
O(93)-Zn(4)-
N(69) 
96.49(10)  C(46)-C(47)-C(42) 119.8(3) 
O(101)-Zn(4)-
N(69) 
166.31(11)  C(46)-C(47)-C(65) 120.8(3) 
O(93)-Zn(4)-
O(41) 
98.32(10)  C(42)-C(47)-C(65) 119.2(3) 
O(101)-Zn(4)-
O(41) 
85.88(9)  N(49)-C(48)-C(43) 109.7(3) 
N(69)-Zn(4)-
O(41) 
86.08(11)  C(48)-N(49)-C(57) 110.3(3) 
O(93)-Zn(4)-
N(76) 
98.56(11)  C(48)-N(49)-C(50) 111.9(3) 
O(101)-Zn(4)-
N(76) 
89.19(10)  C(57)-N(49)-C(50) 110.8(3) 
N(69)-Zn(4)-
N(76) 
95.29(11)  C(48)-N(49)-Zn(3) 109.9(2) 
O(41)-Zn(4)-
N(76) 
162.79(11)  C(57)-N(49)-Zn(3) 105.5(2) 
O(93)-Zn(4)-
N(66) 
171.69(11)  C(50)-N(49)-Zn(3) 108.2(2) 
O(101)-Zn(4)-
N(66) 
90.11(10)  N(49)-C(50)-C(51) 112.6(3) 
N(69)-Zn(4)-
N(66) 
78.56(11)  N(52)-C(51)-C(56) 120.7(4) 
O(41)-Zn(4)- 88.07(10)  N(52)-C(51)-C(50) 116.7(3) 
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N(66) 
N(76)-Zn(4)-
N(66) 
75.45(11)  C(56)-C(51)-C(50) 122.7(3) 
O(82)-As(1)-
O(81) 
119.07(12)  C(51)-N(52)-C(53) 119.6(3) 
O(82)-As(1)-
O(83) 
110.34(11)  C(51)-N(52)-Zn(3) 115.9(3) 
O(81)-As(1)-
O(83) 
109.94(11)  C(53)-N(52)-Zn(3) 122.8(2) 
O(82)-As(1)-
O(84) 
102.33(12)  N(52)-C(53)-C(54) 122.5(4) 
O(81)-As(1)-
O(84) 
106.19(12)  C(53)-C(54)-C(55) 118.1(4) 
O(83)-As(1)-
O(84) 
108.16(12)  C(56)-C(55)-C(54) 119.5(4) 
O(91)-As(2)-
O(92) 
117.71(11)  C(55)-C(56)-C(51) 119.5(4) 
O(91)-As(2)-
O(93) 
110.09(12)  N(49)-C(57)-C(58) 109.1(3) 
O(92)-As(2)-
O(93) 
111.72(12)  N(59)-C(58)-C(63) 122.1(4) 
O(91)-As(2)-
O(94') 
119.0(6)  N(59)-C(58)-C(57) 116.5(3) 
O(92)-As(2)-
O(94') 
103.3(4)  C(63)-C(58)-C(57) 121.4(4) 
O(93)-As(2)-
O(94') 
92.1(5)  C(60)-N(59)-C(58) 118.3(3) 
O(91)-As(2)-
O(94) 
99.2(2)  C(60)-N(59)-Zn(3) 128.3(3) 
O(92)-As(2)-
O(94) 
106.66(15)  C(58)-N(59)-Zn(3) 113.1(2) 
O(93)-As(2)-
O(94) 
110.6(2)  N(59)-C(60)-C(61) 122.2(4) 
C(2)-O(1)-Zn(1) 115.64(19)  C(62)-C(61)-C(60) 119.4(4) 
C(2)-O(1)-Zn(2) 117.91(19)  C(63)-C(62)-C(61) 118.8(4) 
Zn(1)-O(1)-Zn(2) 126.45(10)  C(62)-C(63)-C(58) 119.2(4) 
O(1)-C(2)-C(3) 120.2(3)  N(66)-C(65)-C(47) 110.4(3) 
O(1)-C(2)-C(7) 120.3(3)  C(74)-N(66)-C(67) 111.1(3) 
C(3)-C(2)-C(7) 119.5(3)  C(74)-N(66)-C(65) 111.3(3) 
C(2)-C(3)-C(4) 119.1(4)  C(67)-N(66)-C(65) 111.8(3) 
C(2)-C(3)-C(8) 118.5(3)  C(74)-N(66)-Zn(4) 104.8(2) 
C(4)-C(3)-C(8) 122.4(4)  C(67)-N(66)-Zn(4) 108.3(2) 
C(5)-C(4)-C(3) 122.1(4)  C(65)-N(66)-Zn(4) 109.3(2) 
C(6)-C(5)-C(4) 117.9(3)  N(66)-C(67)-C(68) 111.8(3) 
C(6)-C(5)-C(24) 120.7(4)  N(69)-C(68)-C(73) 121.4(3) 
C(4)-C(5)-C(24) 121.4(4)  N(69)-C(68)-C(67) 115.8(3) 
C(5)-C(6)-C(7) 122.3(4)  C(73)-C(68)-C(67) 122.7(3) 
C(6)-C(7)-C(2) 119.0(4)  C(70)-N(69)-C(68) 118.9(3) 
C(6)-C(7)-C(25) 122.4(3)  C(70)-N(69)-Zn(4) 122.3(3) 
C(2)-C(7)-C(25) 118.6(3)  C(68)-N(69)-Zn(4) 115.3(2) 
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N(9)-C(8)-C(3) 112.1(3)  N(69)-C(70)-C(71) 122.4(4) 
C(17)-N(9)-C(10) 110.7(3)  C(70)-C(71)-C(72) 118.3(4) 
C(17)-N(9)-C(8) 111.9(3)  C(73)-C(72)-C(71) 119.9(4) 
C(10)-N(9)-C(8) 110.4(3)  C(72)-C(73)-C(68) 119.0(4) 
C(17)-N(9)-Zn(1) 103.9(2)  N(66)-C(74)-C(75) 109.8(3) 
C(10)-N(9)-Zn(1) 108.9(2)  N(76)-C(75)-C(80) 121.9(4) 
C(8)-N(9)-Zn(1) 110.9(2)  N(76)-C(75)-C(74) 115.2(3) 
N(9)-C(10)-C(11) 112.4(3)  C(80)-C(75)-C(74) 122.8(4) 
N(12)-C(11)-C(16) 121.9(4)  C(77)-N(76)-C(75) 117.8(3) 
N(12)-C(11)-C(10) 116.8(3)  C(77)-N(76)-Zn(4) 127.7(3) 
C(16)-C(11)-C(10) 121.3(4)  C(75)-N(76)-Zn(4) 113.8(3) 
C(11)-N(12)-C(13) 119.0(3)  N(76)-C(77)-C(78) 123.4(4) 
C(11)-N(12)-Zn(1) 116.4(3)  C(79)-C(78)-C(77) 118.4(4) 
C(13)-N(12)-Zn(1) 124.1(3)  C(80)-C(79)-C(78) 119.2(4) 
N(12)-C(13)-C(14) 122.0(4)  C(79)-C(80)-C(75) 119.3(4) 
C(15)-C(14)-C(13) 118.7(5)  As(1)-O(81)-Zn(1) 123.41(13) 
C(16)-C(15)-C(14) 119.6(4)  As(1)-O(82)-Zn(2) 138.53(13) 
C(15)-C(16)-C(11) 118.7(4)  As(1)-O(83)-Zn(3) 126.87(13) 
N(9)-C(17)-C(18) 110.6(3)  C(85)-O(84)-As(1) 115.7(2) 
N(19)-C(18)-C(23) 122.0(4)  As(2)-O(91)-Zn(1) 139.66(13) 
N(19)-C(18)-C(17) 116.5(3)  As(2)-O(92)-Zn(2) 123.70(13) 
C(23)-C(18)-C(17) 121.5(4)  As(2)-O(93)-Zn(4) 128.33(13) 
C(18)-N(19)-C(20) 118.6(3)  C(95)-O(94)-As(2) 118.5(5) 
C(18)-N(19)-Zn(1) 111.5(2)  C(95')-O(94')-
As(2) 
120.9(13) 
C(20)-N(19)-Zn(1) 128.1(3)    
N(19)-C(20)-C(21) 122.5(4)    
 
8.9 Publications and Patents Arising from this Thesis 
 
Moffat, C.D.; Weiss, D.J.; Shivalingham, A.; White, A.J.P.; Salaün, P; Vilar, R. Chem. A Eur. J. 2014, 20, 
17168 - 17177 
United Kingdom Priority Patent Application Number 1410632.2, filed on 13 June 2014. 
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8.10 Permission to Reproduce Figures 
Figure 1, Figure 2, Figure 3 are  from Smedley and Kinniburgh (2002): 
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Figure 4 is from Hussam et al. (2007): 
 
